Design and commissioning of a crude oil fouling facility by Pental, Jerzy Krzysztof
 
 
Design and Commissioning of a Crude Oil 
Fouling Facility 
 
Jerzy Krzysztof Pental 
 
 
Thesis submitted for the degree of 
Doctor of Philosophy 
of the Imperial College London 
 
 
Department of Chemical Engineering and Chemical Technology 
Imperial College London 
 
October 2011 
2 | P a g e  
 
 
 
 
 
 
 
 
 
 
Declaration of Originality 
 
I hereby declare that this thesis and the work reported herein was composed by and 
originated entirely from me. Information derived from the published and unpublished work 
of others has been acknowledged in the text and references are given in the list of sources. 
  
3 | P a g e  
 
Abstract 
 
This thesis describes the design, construction and commissioning of a major new facility for 
the study of the fouling of heated surfaces across which crude oil streams pass.  
The objective is to simulate the behaviour of surfaces in heat exchangers, typically those in a 
crude pre-heat train.  The thesis presents a review of previous work in this area and 
discusses the design assumptions for the new facility. Safety has been a prime consideration 
and the safety philosophy and the main features of the safety systems are described.  
The thesis continues with a description of the construction of the facility and the installation 
of the instrumentation systems. The instrumentation is designed to monitor  
the performance and safety of the facility and to retrieve the data for use in assessing 
modelling methods. The rig was commissioned using a heat transfer fluid (ParathermTM) as a 
substitute for the oil and the commissioning tests are described.  The rig has both tubular 
and annulus test sections. Though the tubular section models more closely the normal heat 
exchanger configurations, the use of the annulus section offers a number of advantages 
which include more accurate temperature measurement, the ability to remove the test 
section to examine the fouling layer and the ability to make continuous in situ 
measurements of fouling layer thickness. Using the annulus test section, however, raises the 
difficulty of retrieving data for the shear stress exerted by the fluid on the fouling layer  
on the inner tube of the annulus (this shear stress is recognised as an important parameter 
in many models) and of estimating the effective roughness of the fouling layer so that its 
effect on pressure drop in tubular geometries can be calculated. To address these 
predictions problems, an analytical method has been implemented and CFD studies have 
been carried out to explore the features of this analytical model. Chemistry aspects of  
the fouling process are also very important and these are also considered in the thesis.   
The research facility and additional associated tools and techniques form a unique and 
potentially extremely valuable asset which has great potential in improving  
the understanding and interpretation of crude oil fouling phenomena.   
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Nomenclature 
 
Italic symbols 
aij  Anisotropy tensor     [-] 
A  Helmholtz free energy    [J] 
A  Surface area      [m2] 
cp  Specific heat capacity     [J/kg·K] 
d  Diameter      [m] 
de  Equivalent diameter      [m] 
D  Hydraulic diameter     [m] 
Di+j  Reaction rate for the disintegration   [mol/m
3·s1] 
Eact  Activation energy     [J] 
f  Fanning friction factor    [-] 
f  Solvent volume fraction    [m3/m3] 
F  Force       [N] 
F1  Friction factor      [-] 
Fi,j  Reaction rate for the flocculation   [mol/m
3·s1] 
Gr  Grashoff number     [-] 
h  Heat transfer coefficient    [W/m2·K1] 
H  Layer thickness     [m] 
HD  Precipitation ratio     [-] 
I  Current      [A] 
IN  Insolubility number     [-] 
k  Thermal conductivity     [W/m1·K1] 
k  von Kármán constant     [-] 
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K  Boltzmann constant     [J·K-1] 
L  Length       [m] 
m  Mass flow-rate     [kg/s] 
m  Stoichiometric factor     [-] 
M  Mass       [kg] 
Nu  Nusselt number     [-] 
p’  Modified pressure     [Pa] 
Pr  Prandtl number     [-] 
q  Heat flux      [W/m2] 
 ̇     Internal heat generation rate    [W/m3] 
r  Radius       [m] 
R  Fouling resistance     [m2·K/W] 
Ra  Rayleigh number     [-] 
Re  Reynolds number     [-] 
SBN  Solubility blending number    [-] 
t  Time       [s] 
T  Temperature      [K] 
ua  Annular velocity     [m/s] 
u*  Frictional velocity     [m/s] 
U  Average velocity     [m/s] 
V  Mean velocity      [m/s] 
V  Molar volume      [m3/mol] 
w  Separation distance     [m] 
xf  Fouling thickness     [m] 
X  Flory interaction parameter    [-] 
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Greek symbols 
δ  Fouling layer thickness    [m] 
δ  Solubility parameter     [Pa1/2] 
ΔGM
00  Gibbs energy of micellization   [J/mol] 
Δp  Pressure loss      [Pa] 
ΔT  Differential temperature    [K] 
λHS  Thermal conductivity of the heated section  [W/m·K] 
μ  Dynamic viscosity     [Pa·s] 
µeff  Effective viscosity accounting for turbulence [Pa·s] 
µt  Turbulence viscosity     [Pa·s] 
ρ   Density      [kg/m] 
ρ(T)  Electrical resistivity at a given temperature  *Ω·m+ 
ς  Stefan-Boltzman constant    [kg/s] 
τ  Shear stresses      [Pa] 
τw  Wall shear stress     [Pa] 
 
 
Miscellaneous 
(...)1  Inner region related quantity 
(...)2  Outer region related quantity 
(...)b  Bulk quantity 
(...)f  Quantity related to a liquid 
(...)film  Film related quantity 
(...)g  Gravitational component of a quantity 
(...)s  Outer wall related quantity 
(...)w  Wall component of a quantity 
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(...)x  x-component of a quantity 
(...)y  y-component of a quantity 
(...)z  z-component of a quantity 
 
 
Abbreviations 
API  American petroleum institute gravity 
CDU  Crude oil distillation unit 
CFD  Computational fluid dynamics 
EOS  Equation of state 
FHH  Flory-Hildebrand approximation 
GNP  Gross national product 
HIPOR  High pressure oil rig 
HLPS  Hot liquid process simulator 
ID  Inside diameter 
IOR  Improved oil recovery 
MD  Molecular dynamics 
OD  Outside diameter 
SAFT-VR Statistical associating fluid theory for potentials of variable range 
SARA  Saturates (including waxes), aromatics, resins and asphaltenes 
TFT  Thermal fouling tester 
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Chapter 1 
 
1.  Introduction 
An important phenomenon in the operation of equipment (and in particular heat transfer 
equipment) is that of fouling. Fouling is manifested by the deposition of solid material on 
the equipment surfaces. This deposition can occur as a result of particulate deposition on 
the surfaces (particulate fouling), or as a result of phase change arising from temperature 
differences between the surface and the fluid (for instance crystallisation fouling), or by 
chemical reactions in the surface vicinity (chemical reaction fouling), or by the growth of 
organisms on the surface (bio-fouling). Fouling is important in that the deposited solid 
material may restrict flow passages and cause flow reduction or increase of pressure drop. 
The deposited material may also act as a resistance to heat transfer, limiting heat recovery 
in heat exchangers and increasing energy and cleaning costs. 
Fouling during petroleum processing, from the well through the refinery, has been so 
common that petroleum processors expect that units need to be shut down periodically for 
cleaning.  There are large incentives to mitigate fouling in refining; these comprise not only 
the maintenance cost of cleaning and the costs associated with the need to replace the 
energy not recovered as a result of fouling and also the costs of lost production. The lost 
production when units are shut down for cleaning may be the greatest cost.  The cost of lost 
production would be expected to become even greater when the economy begins to 
recover because the demand for refinery products has begun to exceed refinery capacity.  
Finally, lower cost crudes are often not purchased because of the fear of fouling or they are 
purchased and greater fouling results.  In either case, fouling mitigation would reduce the 
cost of produced hydrocarbon.  The main species depositing in refinery pre-heat trains are 
the asphaltenic components of the crude oil; the structure and behaviour of these species is 
only poorly understood. 
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The enormous economic importance of crude pre-heat train fouling led to a major EPSRC 
project (CROF – CRude Oil Fouling) being launched in 2006 to address the technological and 
scientific problems associated with crude oil fouling. This project was led by Imperial College 
London but also included work at the Universities of Cambridge and Bath.  As part of this 
project, work was started on a major new facility to study crude oil fouling under realistic 
conditions of pressure, temperature and flow. Work on the design, construction and 
commissioning of this new facility (HIPOR – HIghPressureOilRig) is presented in this thesis.  
The remaining parts of this thesis are structured as follows: 
 Chapter 2: Literature review. At the start of the project and on a continuing basis 
throughout, the publications in the area of crude oil fouling have been examined and a 
structured (and developing) review of these publications has been prepared. Chapter 2 
presents this review.  
Chapter 3: Design of the HIPOR facility. This chapter describes the assumptions and 
methodologies used in the design.  
Chapter 4: Safety considerations. Operating with crude oil at high temperature and 
pressure presents obvious challenges and this Chapter describes the means used to address 
these challenges.  
Chapter 5: Construction of the HIPOR facility. The construction of the facility took place in 
two stages. First, the main components of the rig were assembled in the Departmental 
Workshop on a wheeled frame. The assembly was then wheeled to the laboratory where 
the services, instrumentation and safety systems were connected. Chapter 5 describes the 
construction process, illustrated with photographs of the various operations.  
Chapter 6: Instrumentation. This Chapter describes the instrumentation systems for rig 
control, data gathering and safety.  
Chapter 7: Commissioning tests. The facility was commissioned using a heat transfer fluid 
(ParathermTM) as a substitute for crude oil. This Chapter describes these commissioning 
tests and the interpretation of data from them.  
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Chapter 8: Interpretation of data from annular channel. The facility has two test sections, 
one tubular (thus matching the typical heat exchanger applications) and one in the form of 
an annulus. Though the annulus test section is not directly comparable with a tube, the use 
of an annular test section offers a number of advantages. The interpretation of the data to 
yield effective roughness height of the fouling layer and to estimate the shear stress exerted 
on it by the fluid is of vital importance and a methodology for doing this is presented in this 
Chapter. The validity of the methodology has also been explored using Computational Fluid 
Dynamics (CFD) simulation and this is discussed.  
Chapter 9: Chemistry aspects. The chemical composition and chemical behaviour of the 
crude oil being investigated is of key importance and this Chapter discusses these chemical 
aspects.  
Chapter 10: Conclusions and recommendations for future work. This chapter summarises 
the main findings from this design, construction and commissioning exercise and spells out 
the next steps in the application of this technology.  
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Chapter 2 
 
2.   Literature survey 
This chapter presents a literature survey on fouling phenomena in general, factors affecting 
petroleum fouling and work done to describe and examine various aspects thereof.  
Chemistry background, work done on kinetics and thermodynamics of the process had been 
described as well as experimental methods used to explain its development. 
2.1 Fouling problem 
The problems associated with heat exchanger fouling have been known since the first heat 
exchanger was invented. The momentum of the industrial revolution depended on the 
raising of steam, usually from coal combustion. In the early days serious problems arose in 
steam raising equipment on account of the accumulation of deposits on the water side of 
boilers. As a consequence much attention has been paid to improving the understanding of 
heat transfer mechanisms and the development of suitable correlations and techniques that 
may be applied to the design of heat exchangers. On the other hand relatively little 
consideration has been given to the problem of surface fouling in heat exchangers.  
 
The problem of heat exchanger fouling especially in the Oil Refining field represents 
therefore a challenge to designers, technologists and scientists, not only in terms of heat 
transfer technology but also in the wider aspects of economics and environmental 
acceptability and the human dimension. 
Figure 2:1 shows a schematic diagram of a typical crude oil distillation unit (CDU) which is 
one of the first units that crude passes in the refinery. Capacity of those units ranges from 
100 000 - 200 000 barrels per day and some refineries might have more than one unit 
present. Often in refineries to extend crude capacity pre-flash columns are added before the 
crude heater where the light ends are removed.  
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Crude oil is pumped into the distillation unit, normally at ambient temperature. It is then 
heated up to around 120 - 150 oC prior to entering the desalter. In the desalter, the crude  
is contacted with hot water to remove salts (calcium, sodium, carbonates and magnesium 
chloride) [1] and solids (silt, sand, clay, iron oxides and iron sulphides).  This step is vital to 
reduce plugging, corrosion and fouling of equipment further downstream [2]. In the desalter 
water in oil emulsion has to be broken which allows for separation of continuous water 
phase. This process occurs in four steps: washing, heating, coalescence and settling. 
Recommended addition of water is 3-4.5% of crude flow [3]. Appropriate functioning  
of the desalter is dependent on the functioning of the heat exchanger and vice versa. 
Keeping the temperature stable in the outlet of heat exchanger improves reliability of  
the desalter thus preventing fouling.  
The crude then flows through the pre-heat exchanger train (usually consisting of up to  
60 shell and tube heat exchangers), which typically heats it up to 230-300oC before it enters 
the distillation furnace. The role of the pre-heat train is to reduce energy requirements for 
the furnace and to recover  up to 70% [4] of energy needed for fractionation. It is reported 
that fouling is most severe immediately upstream of the furnace (E5 and E6) [5]. Pre heat 
train might be divided into three parts: one upstream of the desalter called cold,  
an intermediate unit one situated between the desalter and pre-flash column and finally hot 
unit located downstream of the pre-flash.  
 
Figure 2:1 A schematic diagram of typical crude oil distillation unit with preheat train [5]. 
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2.1.1 Consequences of  fouling 
Fouling of heat exchangers is one of the major concerns in the crude oil refining industry.  
It may be defined as the formation and accumulation of undesired solid material at heat 
transfer surfaces which impede the transfer of heat and increase the resistance to fluid  
flow [6]. It imposes a significant economical consequence to refinery operators in terms of 
lost energy, capacity, equipment replacement and maintenance costs. In general, heat 
exchanger fouling account for 0.25% of the gross national product (GNP) in the highly 
industrialised countries. 
Asphaltene aggregation problems are encountered both in the reservoir and during 
transport and processing of petroleum fluids. It is difficult to predict where and when in the 
production such problems might arise, but the consequences of unexpected asphaltene 
deposition can be severe, both technically and environmentally [7]. The most serious 
precipitation problem is the creation of formation damage, i.e. wellbore plugging, pipeline 
deposition and plugging, precipitation in refinery plants, sludge formation and 
sedimentation during storage to just name some most obvious ones. Increased pressure 
drop may cause significant increases in pumping costs and associated maintenance cost [8].  
Clean up of deposited asphaltenes in the field may necessitate well shut-in and loss of oil 
production. Hence, preventing asphaltene flocculation is preferable from both  
an operational and economical viewpoint. 
 
Figure 2:2 Fouled end tubes of the heat exchanger (courtesy of Prof. Barry Crittenden). 
 
Crude oil fouling implies a major cost penalty in oil refineries, costing millions of pounds 
every year. In general, fouling in refinery introduces four major types of economic  
penalties [5, 9, 10]: 
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Capital costs 
Almost all refineries are designed with an allowance that fouling will occur at some stage 
during its operation. In the first instance the heat exchanger is generally overdesigned  
to allow for the incidence of fouling. Increasing the size of the exchanger will of course, 
increase the initial capital cost and hence the annual capital charge. If a special material  
is used to reduce corrosion of the heat exchanger, the extra cost may be significant.  
Additional energy requirement and environmental impact 
The extra layer of deposits formed at the heat transfer surface area would subsequently 
reduce the heat transfer efficiency of the exchanger. This in turn leads to a decline  
in furnace inlet temperature which later corresponds to the additional fuel required  
in the furnace. The restriction to flow imposed by the presence of the deposit means that 
for a given throughput the velocity will have to increase. The increased velocity represents 
an increase in pumping energy and hence an increase in costs. Recently Liporace and  
de Oliveira [11] reported 1.8 M dollars a year losses in fuel alone due to fouling in one pre 
heat train branch of a 360 000 bbl a day refinery. Furthermore, burning more fuel leads  
to additional CO2 release into the atmosphere. Fouling in refineries was accounted  
for 88 M t of CO2 in 2009 which translates to 2.5% of all worldwide anthropogenic  
emissions [12]. In the light of the Emission Trading Scheme and current global warming 
issues, the effect of energy consumption on CO2 emissions in crude distillation units  and 
ways of reducing it is of utmost importance [13]. 
 
If a substantial increase in pressure drop occurs as a result of fouling, a significant increase 
in energy requirement for pumping will result. This usually involves secondary energy like 
electricity and thus proves even more costly. In their recent work to Sikos and Klemes [14] 
recently estimated the energy consumption being 10–20% greater due to fouling.  
Panchal et al. [4] estimated for a smaller refinery  an economic loss of about 510 000 dollars 
a year. 
 
Operating Difficulties 
Other operating costs can accrue from the presence of the deposits such as increased 
maintenance requirements or reduced output. Emergency shutdown as a direct result  
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of heat exchanger fouling can be particularly expensive. A plant has to be shutdown  
for maintenance (annual basis) to return the exchanger to normal operation. As reported  
by Zabiri et al. [15] some refineries shut down parts of pre heat train when the efficiency 
drops below 30%. With experience, a scheduled shutdown is usually planned to minimise 
costs in terms of lost production. The likely production of off-grade material during  
the interval between the problem being noticed and the decision to stop production also 
can cause further loss.  
 
Maintenance cost 
Fouling may also represent considerable maintenance costs which include cost for cleaning 
the equipment affected and cost of anti-foulant additives. Dismantling units for cleaning  
is obviously a hazardous and costly operation which needs careful planning. Careful 
scheduling of cleaning processes in the pre heat train units might prove beneficial [16].   
The extra cost for maintaining the pumps due to more frequent usage may be substantial.  
The disposal of the carbonaceous deposit materials which contains sulphur, nitrogen and 
metals, leads to undesirable ecological effects to the environment which potentially 
requires subsequent care and maintenance [8]. 
 
A study based on a hypothetical and typical refinery operation was conducted  
by Van Nostrand et al. [17]on the economic penalties linked with fouling of all US refineries. 
His estimates showed that the total of fouling related costs are in the region of 1 360 M US 
dollar per annum. This figure was later adjusted to account for inflation and was estimated 
at around 4.4 Billion US dollars per annum.  Of this figure, 2.9 Billion US dollars (more than 
67% of the total) were due to fouling in the crude distillation unit [17].  
2.2 Fouling phenomena 
Pre-heat train networks are prone to fouling, and on the global scale, the cost associated 
with fouling of oil refinery pre-heat trains is estimated as billions of US dollars  
every year [5]. Furthermore, the loss in thermal efficiency requires the burning of additional 
fossil fuels, adding millions of tons of extra carbon dioxide to the atmosphere. Fouling is 
thus a serious economic and environmental problem, but unfortunately also a very complex 
one. Progress has been made in understanding the way fouling develops in pre-heat trains.  
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2.2.1 Fouling models 
The estimation of the fouling resistance in an experimental setup first requires the overall 
heat transfer coefficient to be calculated for the case of a clean system and then a fouled 
one (over time t).  Considering the steady state heat transfer the following relation can be 
written: 
  2:1 
             
Q is the rate of heat input, 
U is the overall heat transfer coefficient, 
A is the outside solid-fluid contact surface area, 
tb  is bulk fluid temperature,  
tS is temperature of outer wall surface 
 
It is as well possible to write (U normally includes thermal resistance of tube wall and the 
fluid in the tube-side – here it is assumed that these terms remain constant and tube-side 
fouling occurs): 
  2:2 
 
 
 
  
  
  
 
 
 
where: 
   is the fouling thickness 
   is the thermal conductivity of the fouling material 
and   is the convection heat transfer coefficient for fluid 
According to recommendations of Bennett et al. [18] fouling resistance is calculated from: 
  2:3 
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where Rf is the fouling resistance and   is the heat flux       
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Fouling description models are usually based on the well-known concept of Kern and Seaton 
[19] approach where the fouling rate is expressed as the difference between the rates of 
deposition and removal. Fouling resistance Rf was assumed to increase asymptotically with 
time. 
Fouling rate = Rate of deposition – Rate of removal 
  2:4 
    
         ) 
Where R* is the asymptotic value of the fouling resistance and a1 is a parameter. This model 
stops working when fouling departs from asymptotic behaviour. It does not take into 
account process conditions and their influence on fouling resistance. 
The main variations between different models reported in literature are in the description 
of the deposition and removal terms. The rate of deposition could be described by  
a transport-reaction model or by reaction alone model whereas the rate of removal  
is described either by shear-related or mass-transfer related expressions [20]. In general, 
transport-reaction models are more rigorous than the reaction alone models. 
Crittenden et al. [21] developed a transport-reaction model by considering chemical 
reaction as well as the transport of fouling precursor to and from the  
heated surface. They also proposed an adapted model that contains a back-diffusion  
term [22]. Crittenden et al. [23] tried to predict fouling in refinery units and used data 
obtained from one to propose following relationship: 
  2:5 
   
  
       
  
       
  
The calculated value for the activation energy Ef was 33 kJ mol
-1 and the authors concluded 
that both chemical and physical factors are significant for values below 40 kJ mol-1. 
Epstein [24] concluded that at time zero, it is very difficult to validate the finite 
concentration of foulant at the surface which is required for back diffusion to occur. 
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 A model for the initial chemical reaction fouling rates at the surface which assumed  
the surface attachment is proportional to residence time of the fluid at the surface,  
was developed by Epstein. This model stated that the greater the residence time, the 
greater would be the opportunity for the chemical reaction to occur. The relationship 
between the initial fouling rate and the mass flux is given as: 
  2:6 
 
   
  
             
where m is the stoichiometric factor, kf the thermal conductivity of foulant, ρf the foulant 
density and φ is the deposition mass flux. The difference between the foulant bulk and 
surface concentrations was said to be the driving force for the mass transfer from the bulk 
fluid to the heater surface of foulant precursor [24]. Epstein’s model showed an excellent fit 
to Crittenden’s data for initial fouling rates of polymerization of styrene [25]. 
Yeap and co-workers [26] used plant data from a UK refinery that processes mainly light to 
medium North Sea crudes. They reduced the Epstein’s model to a function of a set of 
dimensional parameters for turbulent flow conditions, including mean velocity and a mass 
transfer related removal term. 
Threshold models 
Arguably the most significant development to date is the discovery that for many types of 
crude oils, there exists a set of ‘threshold' temperature-flow conditions establishing 
operating regions where significant fouling does not occur. The fouling threshold concept 
was first proposed by Ebert and Panchal [27] in a conference paper, and used with fouling 
data obtained from pilot plant and refinery side-stream monitoring tests [5].  
Knudsen et al. [28] showed the existence of a true threshold for an Alaskan crude oil tested 
in a series of laboratory pilot plant experiments. The potential application of these models 
has been considered by ESDU [5], Wilson et al. [29], Polley and et al. [30]. Identification of 
appropriate forms for quantitative models for correlating field and laboratory data is for 
that reason essential. 
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The first model proposed by Ebert and Panchal [27]  could be expressed as: 
  2:7 
   
  
        (
      
      
)      
The authors used Tfilm instead of Twall as proposed earlier by Crittenden et al. [23] and 
included Re – Reynolds number. The suppression term in this model is dependent on the 
wall shear stress w. The following parameters were established: α = 8.3 K m
2 W-1 s-1,  
β = -0.88, Efilm = 68 000 J mol
-1 and γ = 4.03 x 10-11 (m2 N-1)(m2 KJ-1). The film temperature 
Tf, was determined as: 
  2:8 
                     
Several assumptions had to be proposed to enable calculation of Tfilm from the model: 
1. Net deposition is given by formation minus suppression of foulant from the thermal 
boundary layer; 
2. Foulant is formed in boundary layer by a one–step reaction; 
3. There are no concentration gradients of reactants in boundary layer; 
4. Foulant is transported by diffusion from the boundary layer to the bulk flow; 
5. Linear temperature profile is assumed in the boundary layer; 
6. Film temperature in the boundary layer expresses integrated reaction term; 
7. Rate of suppression is independent of the film thickness; 
8. Foulant is removed from the thermal boundary layer by transport mechanisms and 
not by detachment process; 
Panchal et al. [31] in his later work proposed an improved threshold model with added 
Prandtl number Pr, for crude oil fouling, using an analysis of crude oil pilot plant fouling data 
for three different crudes which could be written as: 
  2:9 
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)      
32 | P a g e  
 
The following values were obtained for the model constants: α = 0.0139 K m2 W-1 s-1,  
β = -0.66, Efilm = 48 000 J mol
-1 and γ remained same at 4.03 x 10-11 (m2 N-1)(m2 KJ-1). 
The location of the threshold could be determined by setting the rate to zero, equating  
the two terms and solving for (Tfilm,τw,Re). Prediction of Tfilm is important since it is an easy 
starting point when designing heat exchangers by calculating fouling threshold curve,  
and then modifying design parameters in a way that operating conditions of the designed 
unit are below those values. 
A modified model was proposed by Polley et al. [32] in which they tried to simplify the 
model by removing the shear stress term and using Re number instead of it. A very basic 
approach to establish mass transfer dependence was to use a velocity term to a power  
of 0.8, the same way that the convective mass transfer coefficient changes with velocity [5]. 
This disregards the influence of concentration gradient on mass transfer and the effect that 
chemical reaction in the film has on mass transfer rate.  
The simple modifications to the Ebert–Panchal model were as follows: 
1. Wall temperature was used instead of film temperature in the reaction term ; 
2. The velocity dependency for the generation term was retained, but Re−0.8 was 
used;  
3. Removal term was assumed to be proportional to Re0.8; 
 
Overall it gave the following equation: 
  2:10 
   
  
                   (
  
   
)          
This model dependent on the wall temperature does fit the data of Knudsen [33] more 
accurately.  
Using an experimental data from three different Canadian crude oils in an experimental set 
up Srinivasan and Watkinson [34] managed to achieve good correlation using following 
model: 
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) 
where ua is annular velocity and  ̂     is film temperature expressed as: 
  2:12 
 ̂                    
Some work on comparison between different fouling models has been done  
by Yeap et al. [35] in which ten sets of experimental and plant data was used.  
However, none of the models tested correlated all of the data sets well.  
Wilson et al. [32] mentioned that there is no basis for the assumption that a model  
for the prediction of the onset of fouling will also apply to the prediction of fouling rates 
once deposition has started. Their simple model does provide reasonable predictions  
of subsequent fouling rates for the data.  According to these authors, adjustment  
of the activation energy parameter makes the model able to provide good predictions  
for data from other studies. 
As mentioned before fouling is one of the major causes of a loss of performance of preheat 
trains. Its mitigation can be achieved through several methods, which sometimes could  
be applied together. These methods can be divided into 3 distinct scales [11]:  
1. Microscopic scale involving the physical/chemical understanding of the fouling 
precursors; 
2. Design scale, where the selection, thermal design and configuration of the heat 
exchanger can be manipulated to minimize the fouling; 
3. Industrial scale, where to minimize the fouling the heat exchanger network 
interaction and control strategies are utilised. 
 
In order to reduce the amount of fouling that will occur within the unit several solutions are 
possible [30]. Best solution would be to operate the exchanger below the ‘fouling threshold’ 
- in this case it will be free from fouling associated with the chemical reaction mechanism.  
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If this  proves not possible to accomplish a different geometry could be chosen; one that is 
as close as possible to the threshold due to the fact that as the difference from  
the threshold increases the rate of fouling increases . The two variables which control both 
the threshold condition and the fouling rate are the velocity of the crude oil and the tube 
wall temperature. For a conventional shell-and-tube heat exchanger following actions can 
be taken [30]: 
1. Change the thermal contacting arrangement; 
2. Increase the tube-side velocity; 
3. Decrease the shell-side heat transfer coefficient. 
 
Better fundamental understanding of the asphaltene fouling process would be highly 
beneficial for the understanding of this phenomenon. One believes that especially being 
able to understand in depth physical/chemical aspects of the deposition is the best 
approach. In the further part of this literature review a more detailed state of knowledge 
about chemistry of asphaltenes is presented. 
2.2.2 Factors affecting fouling 
The formation of carbonaceous deposits during processing of crude oils involves  
the deposition of layers containing asphaltenic, coke-like materials and inorganic sulphides, 
the extent of which is governed by temperature, flow regime, surface properties, and oil 
composition. The interactive effects of chemical reactions, fluid dynamics and heat- and 
mass-transfer mechanisms make it difficult to understand the fouling process [36].  
The presence of impurities or foreign species in the process crudes such as corrosion 
products, trace metals and inorganic components have also been identified as key 
influential factors. In addition, changes in the crude oil properties during processing have 
been proved to increase fouling propensity. Other factors which may be significant include 
the residence time in heat exchanger, the effect of desalter operations and the condition of 
the heat exchanger surface [36]. 
Surface Bulk Temperature 
Temperature effects on fouling rates are frequently modelled based on the modified 
Arrhenius equation, as follows: 
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where dRf/dt is the fouling rate, A is the pre-exponential parameter fitted to the data,  
Eact is the activation energy and Tf  is the film temperature i.e the temperature of the 
interface between the bulk fluid and the surface of deposit. This equation can only be used 
when other factors such as velocity, geometry and fluid composition are kept constant. 
Crittenden et al. [23] established a correlation between the fouling rate and tube wall 
temperature and observed activation energy values of 33 kJ mol-1 for light crudes and  
21 kJ mol-1 for heavy crudes. Scarborough et al. [37] in their experiments obtained values of 
53 and 36 kJ mol-1 respectively. It must be noted that these values were obtained based on 
temperature at the wall. Both bulk and surface temperatures affect the fouling rate.  
The rate increases strongly with both surface Ts and bulk Tb temperature. Fouling rate could 
be correlated using a modified film temperature, which gave more weight to surface 
temperature than to the bulk temperature (Eq 2:12 from Threshold Model paragraph): 
  2:14 
sbf TTT 7.03.0   
Changes in temperature can clearly influence the flow behaviour of crude oils and their 
solubility classes of components (saturates/aromatics/resins/asphaltenes). In particular,  
the effect of temperature on asphaltene solubility was investigated in attempt to clarify 
their role in petroleum fouling. According to Hong et al. [38], solubilities of asphaltenes  
in selected mixtures have been observed to increase with temperature, in the range  
80 to 300 °C, in agreement with the conclusions of Wiehe [39] and Fuhr et al. [40].  
A complex relationship between asphaltene solubility and temperature has been reported 
by Lambourn  [41] in which the solubility of asphaltene increased to a maximum at 140 °C 
and then decreased at higher temperatures. At high bulk temperatures, the asphaltene is in 
the form of solution in crude oil and the fouling rate is low whereas at low bulk 
temperatures, asphaltene precipitates out from crude oil and the fouling rate is high. 
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In some cases, due to the effect of temperature, asphaltene precipitates may convert  
to coke (defined in petroleum refining as a carbonaceous material insoluble in toluene)  
and even to graphite-like deposits at high temperature (380-420 °C) [42, 43]. 
 
The film temperature reflects the temperature in the thermal boundary region near  
the surface where reaction and adhesion processes may occur. However, it is not 
necessarily the best parameter to correlate fouling rates in every situation as it largely 
depends on the fouling precursor; for example suspended asphaltenes or impurities  
in crude oil. In the case of asphaltenes being the precursor, the fouling rate may be high 
even at a modest bulk temperatures, according to Asomaning et al. [44]. Fouling rates 
increase strongly with both surface and bulk temperature. In one case, a 28 °C increase  
in the conventional film temperature (Tf) was reported by Srinivasan et al. [34] to cause  
the fouling rate to double. 
 
Asphaltenes solubility in bulk oil increases with temperature, hence the suspended 
asphaltenes concentration decreases with an increasing bulk temperature. This would lead 
to a decrease in the fouling rate with bulk fluid temperature at a constant surface 
temperature. On the other hand, for particulate fouling (due to suspended impurities)  
the solubility of foulant does not change significantly with bulk fluid temperature.  
Hence, fouling rates will increase with the bulk temperature at a given surface temperature. 
 
However, a degree of caution must be exercised in studying the effect of the temperature. 
For particulate and chemical reaction fouling, the fouling rate increases with Ts and with Tb. 
Hence the fouling rate always increases with film temperature. However for asphaltene 
fouling, because the solubility of asphaltenes increases with bulk temperature (Tb),  
the fouling rate increases with Ts and decreases with Tb. Hence if Tf is raised at constant Ts, 
the fouling rate may decrease. This results from the fact that Tf alone cannot correlate 
fouling rate in general [45]. 
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Bulk Flow Velocity 
Bulk flow velocities play a major role in crude oil fouling; however, its effect towards fouling 
is rather inconclusive. Increase in velocity leads to two important effects: increase  
in the wall shear stress and increase in the convective heat transfer coefficient. The fouling 
rate normally depends on whether fouling is controlled by chemical reaction on the surface, 
by mass transfer of precursors from bulk fluid to the surface or by adhesion on the probe 
surface. If fouling is controlled by the chemical reaction or by adhesion on the surface,  
the fouling rate is inversely proportional to the bulk velocity [46, 47]. In a typical crude pre-
heat train, fouling in general decreases with increasing velocity. Saleh et al. [36] observed 
that at Reynolds numbers of 2500 – 4500, an increase in bulk velocities results in decreased 
fouling rates. Srinivasan et al. [34] reported that fouling rate generally decreases as  
the velocity increases to the power of -0.35. In this scenario, fouling mechanism is thought 
to be dominated by chemical reaction or by adhesion of foulants at the surfaces.   
In contrast, if fouling is controlled by mass transfer of reactants or products of reactions 
from the bulk fluid to the wall region, an increase in bulk velocity may result in an increase 
in fouling rate. The mass transfer coefficient from the bulk to the near-wall region would 
increase as a result of increased turbulence; hence raising the fouling rate. The effect  
of flow-rates on fouling are very complicated because the exact mechanism of fouling must 
be identified in order to predict what effect flow velocity has on the fouling rate. It seems 
probable that fouling can be avoided by having a sufficiently high wall shear stress [5]. In his 
recent work, Joshi et al. [48] demonstrated this with data taken for several different preheat 
train and variable velocities. Interestingly according to his work temperature had no effect 
on fouling rates observed in this study. 
 
Composition 
Dickakian and Seay [49] proposed that most crude oil fouling in heat exchangers follows the 
subsequent stages: 
1. Incompatibility between the asphaltenes and the oil initiates precipitation of some 
asphaltenes. 
2. The precipitated asphaltenes adhere to the hot metal surface. 
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3. The asphaltenes then carbonise into infusible coke, which produces an irreversible 
lowering of heat transfer coefficients which is unrecoverable without off-line 
cleaning. 
It is generally taken for granted that asphaltenes are viewed as the most important crude oil 
component leading to fouling. Important factors relating to asphaltenes are their 
combination of low solubility and high thermal reactivity. The asphaltenes have the highest 
thermal reactivity of any fraction of a crude oil. While soluble, asphaltenes react to form 
lower molecular weight products but when insoluble the major thermal reaction product  
is coke [50]. However, contributions of other component parts of crude oils can play  
a dominant role in the deposition mechanism [51]. 
 
Mixing 
Another important factor in managing crude oil fouling is that of mixing of various crudes. 
Mixing crude types prior to their entry into the heat exchanger system can have a dramatic 
effect on fouling behaviour. Crude oils are broadly categorised as parafinic or asphaltenic. 
Mixing typical parafinic crudes or condensate and asphaltenic crudes can cause  
the asphaltenes to precipitate, giving rise to high fouling factors. 
Wiehe in his work [52, 53] has affirmed that there are two main causes of incompatibility: 
an invalid proportion of crude for compatibility (two crudes can be compatible in some 
proportions but not in others) and an invalid blending order at the refinery (two crudes can 
be compatible if blended in a different order). 
Wiehe and Kennedy. [53] have demonstrated how incompatibility of certain crudes can be 
determined and predicted based on asphaltenes solubility in heptane/toluene mixture. Two 
parameters can be defined to characterise a crude blend, namely Insolubility Number, IN 
and Solubility Blending Number, SBN. IN represents the percentage of toluene in the 
hexane/toluene mixture that is required to prevent asphaltene precipitation. SBN is defined 
as follows: 
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The parameter HD represents the ratio of crude oil to heptane volume required  
for precipitation to occur when the oil is contacted with an increasing volume of heptane. 
For crude oils compatibility, the Solubility Blending Number of the blends, SBN,mix must be 
higher than the largest Insolubility Number, IN of any of the crude oil. It should be 
emphasized that the order of blending is critical to the compatibility of the blend.  
The predictions of this model were found to be conservative in that no incompatible Crude 
Blends were predicted to be compatible. However, there are a number of crude pairs that 
were predicted to be incompatible but were found to be compatible. This seems to happen 
for crudes with low asphaltene contents. 
 
Stark et al. [54] measured the stability of asphaltenes in crude oil via an Asphaltene Stability 
Index (ASI) test which determine the onset of flocculation via heptane titration system.  
The stability data showed that the individual crudes had a high, medium, or low fouling 
potential. The blends of those that are incompatible however showed increased instability 
which may lead to the fouling problems encountered in the pre-heat train heat exchangers. 
 
Inorganic contaminants 
 
When crude oil is subjected to heat, the presence of oxygen in crude oil can lead to 
autoxidation reactions. Consequently, oxygen might have an important effect on the fouling 
rate and has been the subject of a number of investigations [45, 55]. Fouling rates in the 
presence of dissolved oxygen are observed to be 10 times higher than those found  
in nitrogen saturated set up. The addition of species containing oxygen also increased  
the extent of fouling, but the effect is rather insignificant compared to that of dissolved 
oxygen. 
 
Sulphur species are known to exist in fouling deposits, in most cases in the form of iron 
sulphide. Sulphur exists in crude oil either as aromatic or aliphatic sulphides [5]. The effects 
of sulphur on fouling are very species-dependent. Free sulphur, disulphides, polysulphides 
and benzene thiol have been reported to promote instability in stored fuel oils [56]. In crude 
oil, aliphatic sulphur is the most thermally reactive functional group. 
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The effect of nitrogen species towards fouling is less detrimental in comparison to the 
effects of oxygen and sulphur. However, species such as pyrroles have been shown to form 
gums in fuel oils, shale oils and naphthas [56] through complex polymerisation reactions.  
A recent study [18] has suggested that basic nitrogen content above 200 ppm in the crude 
oil usually indicate that the crude will not foul, whereas concentration below 100 ppm will 
give rapid fouling problem in the heat transfer surface. Crude oils with basic nitrogen 
content of 100-200 ppm are found to have immediate fouling potential in the heat  
transfer surface [18]. 
Surface Effect 
 
Tube and shell heat exchangers are commonly used in refineries. A better understanding of 
the fouling mechanisms can help petroleum engineering design new configurations of 
exchanger geometry with the aim of mitigating fouling. According to Panchal et al. [57],  
the surface structures of materials used in the heat exchangers and flow channel geometry 
can exert an influence on fouling. Surface structure is important as well in considering how 
roughness can affect fouling mechanisms. If the surface is corroded it not only provides 
resistance to heat transfer but it also creates sites that encourage deposition.  
The roughness helps mass transfer and increases the adhesive bonds between particles and 
surface. It is reported that to decrease the attachment rate, an increase of fluid velocity  
is needed [45]. 
 
The effect of roughness on the convective heat transfer coefficient has to be  
mentioned [58]. Higher heat transfer coefficients are achieved due to presence of 
roughness and its effect on the viscous sublayer leading to increase in turbulence level when 
compared with smooth wall situations. Turbulent flow conditions like those occurring in oil 
industry systems are prone to be very sensitive to surface roughness compared with laminar 
flow systems where roughness has a very small impact on the heat transfer coefficient and 
friction factor [59]. Deposition of a fouling layer on a heated surface leads to accelerated 
increase in surface roughness thus affecting pressure drop and heat transfer coefficient. 
 
Knudsen et al. [60] reported negative fouling resistance in the initial period of tests with 
crude oil. It was proposed by Yeap et al. [35] that this could be explained by the increasing 
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surface roughness. During their studies of autooxidation reaction fouling Wilson et al. [61] 
deduced thermal and hydraulic effects of roughness from their analysis of the pressure drop 
measurements. These were later confirmed  in crude oil tests [44]. 
Increase in roughness caused by fouling on tube surfaces was modelled by Yiantsios [62]. 
This work was done only for crystallization fouling and did not include important factors 
such as influence of heat transfer or pressure drop investigation.  
2.2.3 Types of fouling 
There are several basic mechanisms in which fouling deposits may be created and each  
of them depends upon several variables. Fouling is typically classified in terms of knowledge 
available about initiation process, transport, attachment, removal and ageing of the fouling 
layers. Epstein [6] and Watkinson [56] categorised fouling into five general groups; 
particulate [63], corrosion [64], chemical reaction, crystallisation [65] and biological  
fouling [66].  For organic fluids such as crude oil, a number of studies have been carried out 
on chemical reaction fouling 
Chemical Reaction Fouling 
Chemical reaction fouling is usually associated with organic chemicals as opposed  
to reactions of metals with aggressive agents (corrosion fouling). Under the influence of  
the temperatures prevailing in the heat exchanger chemical reactions can take place that do 
not involve the heat transfer surface as a reactant although in some circumstances  
the metal surface may act as a catalyst [67]. Generally the problems arise in liquid streams 
or in mixtures of gases and liquids, and sometimes in streams of vapours [68].  
 
There are certain  reactions that may lead to the foulant deposition such as coke formation 
during cracking of light hydrocarbons, sludge promoted fouling, deposition from coal 
products to name a few. One of those possible reactions is deposition of asphaltenes from 
crude oil. A series of degradation stages as crude oil is heated has been described by Eaton 
and Lux [69] this process could be described as: 
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Dickakian and Seay [49] suggested that asphaltene precipitation is the major contribution to 
crude oil heat exchanger fouling. The incompatibility of asphaltenes with crude oil, either 
through reactions or insolubility, causes precipitation and adherence to heat transfer 
surfaces. Residence on the hot exchanger wall allows carbonisation to take place with the 
formation of coke. A similar mechanism involving resins as well as asphaltenes has been 
suggested by Eaton and Lux [69]. 
 
Apart from preheating of crude oils other refinery operations where chemical reaction 
fouling may occur are in thermal cracking of heavy hydrocarbon fractions for the production 
of lighter fractions. Modern technologies use catalysts to effect the cracking reactions 
(catalytic cracking) but chemical reaction fouling may still be a problem. In contrast some 
petrochemical operations are designed to produce coke or carbon as the primary product, 
to be used as filler material for rubber and plastic products, e.g. motor tyres. In the food 
industry [70] many of the large organic molecules that make up the food substance are heat 
sensitive so that exposure even to relatively low temperatures, can produce breakdown 
products that will foul heat transfer surfaces. 
 
Watkinson [71] classifies chemical reaction fouling for organic fluids into three general 
classes of reactions: autoxidation, polymerisation and thermal decomposition. Autoxidation 
of hydrocarbons has been the focus in several papers as it has been identified as the main 
source of deposits formation in heat exchanger fouling [71-73]. The chemistry of this 
process has been studied extensively; listed below are the complex reactions leading  
to deposit formation [71]: 
Initiation:  Formation of radicals R , RO and 2RO  
Propagation:  22 ROOR 
  
     RROOHRHRO2  
     ROORRHRO2  
Termination:  productsRR    
   productsROR   2  
   productsRORO   22  
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A general overview of the mechanism of fouling is depicted in Figure 2:3 below.. Soluble 
precursor A is formed as a result of reactions taking place in the crude first. This generation 
step can happen even before crude reaches pre heat train which in some cases might prove 
more problematic than when it would happen in the exchanger [74]. After their formation, 
these precursors react to form insoluble foulant that later on deposits on the surface.  
This last step comprises of physical and chemical changes that the deposit goes through 
under high temperature conditions.  
Panchal and Watkison [74] differentiated several possible  processes that may occur.  
A precursor might be generated in the bulk and the further steps take place either on  
the wall surface or in the bulk. A second possibility is when precursors are formed in  
the boundary layer and again the following steps may take place on the wall or in the 
boundary layer itself. The final option involves generation of the precursor on the wall 
surface.  
 
Figure 2:3 Schematic of deposition process [74].  
 
It is quite difficult to separate the creation of precursors from deposit appearance on the 
heat exchanger surface [10]. Furthermore the presence of precursors, let alone their 
chemical character may not be known. The precursors may appear as a result of the very 
small concentrations of trace substances in the process liquid. The precursors themselves 
may already be present in the liquid stream or they may be the result of chemical reactions 
within the heat exchanger. This leads to lack of agreement on where the reaction takes 
place, with Ebert and Panchal [27] along with Srinivasan and Watkinson [34], being of the 
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opinion that fouling takes place in the bulk, whilst Crittenden et al. [23] claims that it is 
more likely to happen at or in proximity of the surface where temperature is highest. 
The reduction of heat transfer coefficient due to reaction fouling in an experimental recycle 
apparatus through which a light Arabian crude oil (containing 10% waxy residue from  
a crude oil tank) was flowing at 0.5 m/s is shown below [75]. 
 
Figure 2:4 Heat transfer coefficient reduction with time [75]. 
 
The chemical reaction either forms the deposit directly on the heat transfer surface  
or is involved in forming deposit precursors, which subsequently result in the formation  
of deposits. As described before precursors may be formed in the bulk liquid,  
in the boundary layers near the heat exchanger surfaces or directly on the surface.  
The precursor may be soluble in the bulk fluid and only give rise to deposition when it is 
carried by diffusion or eddy transport to the wall region. It is entirely possible that if the 
precursor precipitates or reacts to cause a solid to be formed remote from the wall,  
then the deposition process will be particulate [56].  
 
Fouling Process 
Three types of fouling curves where the fouling layer thickness, δ, was plotted against time 
are shown on Figure 2:5 . A lag time, tl can be seen which accounts for the time needed  
for the fouling to start on the clean surface. This period is usually named as initiation  
or induction period. It is one of the five processes involved in fouling: 
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Figure 2:5 Fouling layer thickness against time[10]. 
 
Initiation 
In the initiation period no significant fouling is observed, it is believed that this behaviour 
can be related to surface properties such as roughness or surface energy [45]. Roughness  
of the surface provides nucleation sites for the deposition whilst surface cavities give rise  
to regions in which shear stress is impeded in removal of the deposit which leads to an 
increase in fouling with the increase of the roughness as reported by Epstein [76].  
In chemical reaction fouling, the initiation period  decreases with increasing wall  
temperature [71]. Bott [10] in his work reported that induction periods can last as long  
as 50–400 h. From the information gathered during project meetings with industry 
representatives, it was clear that in actual refineries this period was far shorter (up to 12 h). 
A better understanding of initiation period could perhaps lead to its beneficial extension,  
as proposed by Yang et al. [77].  
 
Transport 
This process depends on the mass transfer and on regions where the foulant is formed.  
In previously described possible routes soluble foulant precursors or insoluble foulant 
species are transported from the bulk to the wall. It could also be that mass transfer takes 
place in the boundary layer where the soluble precursors are formed and then either 
transported to the wall or generate insoluble foulants in the case of second situation.  
In both of those examples back–diffusion of soluble precursors from the boundary layer  
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to the bulk might happen. Molecular transport of the reactants needed for formation of  
the precursor to the surface provides a third scenario. 
 
Attachment 
Attachment stage is determined mainly by the forces that are present when a foulant 
particle approaches the wall. These may include long range attractive forces such as the  
van der Waals force, magnetic attraction and electrostatic forces or short range forces such 
as chemical bonding and hydrogen bonds [10]. In case of crude oil fouling, this process  
is especially important when fouling precursor is generated in the bulk and the reaction 
occurs in the bulk as well and in removal stage. 
 
Removal 
This stage can take place soon after the deposit was formed or sometime after. There are 
several processes that can lead to it happening [78]:  dissolution (the concentration of the 
deposit at the layer/fluid interface is in equilibrium concentration), erosion (deposit is slowly 
removed by mechanical action of the fluid on the deposit layer surface), spalling (deposit 
removed in large pieces either by changes in the solubility of the deposits or by thermal 
stresses). When the fouling species are insoluble in the bulk of the fluid hydrodynamic 
forces are mainly responsible for the removal process. The shear stress force acts against 
the deposition by hindering foulant attachment to the wall [78].  
 
Ageing 
Ageing is a stage in which high wall temperatures over longer time intervals lead to chemical 
and physical transformations in the fouling layer giving rise to changes in the deposit 
structure and its properties. Laboratory experiments carried in the past are not suitable  
for realist ageing projections, due to their relatively short timescales (Wilson et al. [79]).  
Nelson [80] reported initial deposition of crude oil fouling to resemble a gel which later on 
changes its structure to a much harder material more similar to coke. That leads of course  
to change in the rheology of the deposit layer (Sileri et al. [81]) and also its thermal 
conductivity. These changes, in turn, have an impact on several factors such as the overall 
thermo–hydraulic behaviour of the exchanger. These inter-related factors all add greatly  
to the problem of characterizing the material initially  deposited (Wilson et al. [79]) since 
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this is likely to be substantially different from material subsequently recovered for analysis. 
Furthermore, ageing  has an important impact on the ease of the foulant removal [82]. 
 
2.3 Crude oil and asphaltenes 
The heaviest and most polar fraction of the crude oil is named asphaltenes, and gives rise  
to a variety of nuisances during crude oil production. It is widely recognized that flocculation 
and deposition of asphaltenes may occur when the thermodynamic equilibrium is disturbed. 
This may come as a result of changes in pressure and temperature, as a result of 
compositional alterations when blending fluid streams, or due to injection of gas during 
improved oil recovery (IOR) operations. 
Crude Oil Composition  
Crude oil is a complex mixture of hydrocarbons, with small amounts of sulphur, oxygen and 
nitrogen, as well as various metallic constituents, particularly vanadium, nickel, iron and 
copper [83]. A typical North Sea Crude Oil consists of 84.5% carbon, 13% hydrogen, 0.5% 
nitrogen, 1.5% sulphur and 0.5% oxygen [83]. The number of single components that exist in 
a crude oil is unknown. To determine the exact structure and composition of the various 
components is thus a daunting task, and the selection of fractionation procedure depends 
on the information desired.  
The asphaltene content of petroleum is an important aspect of fluid processability.  
The SARA method, where the asphaltenes are separated as a group, is therefore often used 
to conveniently separate the crude oil into four major fractions [53]: saturates (including 
waxes), aromatics, resins and asphaltenes (SARA), based on their solubility and polarity as 
shown in Figure 2:6.  
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Figure 2:6 Typical scheme for separating crude oil into saturate, aromatic, resin and 
asphaltene (SARA) components [53]. 
 
Saturates: The saturates (aliphatics) are non-polar hydrocarbons, without double bonds,  
but including straight-chain and branched alkanes, as well as cycloalkanes (naphtenes). 
Cycloalkanes contain one or more rings, which may have several alkyl side chains.  
The proportion of saturates in a crude oil normally decreases with increasing molecular 
weight fractions, thus the saturates generally are the lightest fraction of the crude oil.  
Wax is a sub-class of the saturates, consisting primarily of straight-chain alkanes, mainly 
ranging from C20 to C30. Wax precipitates as a particulate solid at low temperatures,  
and is known to effect emulsion stability properties of crude oil systems. 
Aromatics: The term aromatics refer to benzene and its structural derivates. Aromatics are 
common to all petroleum, and by far the majority of the aromatics contain alkyl chains and 
cycloalkane rings, along with additional aromatic rings. Aromatics are often classified as 
mono-, di-, and tri-aromatics depending on the number of aromatic rings present in the 
molecule. Polar, higher molecular weight aromatics may fall in the resin or asphaltene 
fraction. 
Resins: This fraction is comprised of polar molecules often containing heteroatoms such as 
nitrogen, oxygen or sulphur. The resin fraction is operationally defined, and one common 
definition of resins is as the fraction soluble in light alkanes such as pentane and heptane, 
but insoluble in liquid propane [83]. Since the resins are defined as a solubility class, overlap 
both to the aromatic and the asphaltene fraction is expected. Despite the fact that the resin 
fraction is very important with regard to crude oil properties, little work has been reported 
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on the characteristics of the resins, compared to for instance the asphaltenes.  
However, some general characteristics may be identified. Resins have a higher H/C ratio 
than asphaltenes, 1.2-1.7 compared to 0.9-1.2 for the asphaltenes [84]. Resins are 
structuraly similar to asphaltenes, but smaller in molecular weight (< 1 000 g/mole). 
Naphthenic acids are commonly regarded as a part of the resin fraction. 
Asphaltenes: The asphaltene fraction, like the resins, is defined as a solubility class, namely 
the fraction of the crude oil precipitating in light alkanes like pentane, hexane or heptane. 
This precipitate is soluble in aromatic solvents like toluene and benzene. The asphaltene 
fraction contains the largest percentage of heteroatoms (O, S, N) and organometallic 
constituents (Ni, V, Fe) in the crude oil. The structure of the asphaltenes has been the 
subject of several investigations. The molecular weight of asphaltene molecules has been 
difficult to measure due to the asphaltenes tendency to selfaggregate, but molecular 
weights around 1 000 g/mole is believed to be reasonable. Asphaltene monomer molecular 
size is in the range 12-24 Å  [84]. A commonly accepted view in petroleum chemistry until 
recently was that asphaltenes form micelles which are stabilized by adsorbed resins kept in 
solution by aromatics [85]. 
Depending on the kinds of heavy organics present in the crude oil and the operations which 
the crude oil goes through in oil production, transportation, and processing one or more of 
the models could be used for heavy organic deposition prediction from petroleum crudes. 
While the paraffin deposition is mostly due to lowering the temperature of the crude, 
asphaltene and resin depositions are due to variety of causes. However, since a crude oil 
could contain all varieties of heavy organics and since all the heavy organics and 
hydrocarbon families of the crude are polydisperse compounds the phenomenon of heavy 
organic precipitation is more complex than, for example, the precipitation of a single 
monodisperse heavy organic compound [86]. Asphaltene deposition from petroleum fluids 
is partly due to solubility effect and partly due to colloidal phenomena. Asphaltene particles 
have the tendency to aggregate together in an irreversible fashion, grow in size, and form 
new and larger particles. They have the affinity to adsorb resins and other charged species 
present in the oil. They also are electrokinetically active by causing electrostatic charge 
generation. 
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It is generally taken for granted that deposition mechanisms are related to the presence of 
asphaltenes, [34, 44, 55]. However, contributions of other component parts of crude oils 
(e.g. Saturates-Aromatics-Resins) remain to be investigated in greater detail [87].  
For instance, complex saturates and aromatic hydrocarbons can play a dominant role in the 
deposition mechanism [87]. Asphaltenes and waxes do not interact synergistically to form 
deposits; instead, they precipitate separately to form individual deposits [88]. 
Acording to Y. Anisimov et al. [89] two key parameters that control the stability  
of asphaltene micelles in a crude oil are the ratio of aromatics to saturates and that of resins 
to asphaltenes. When these ratios decrease, asphaltene micelles will flocculate and form 
larger aggregates. Interestingly high asphaltene content is not always associated with high 
risk of trouble; on the contrary, relatively light oils, with low asphaltene content  
(up to 4 %wt) are often more likely to form deposits [90]. 
Predicting the phase behaviour of crude oils is a difficult task, due on the one hand to the 
chemical complexity of crude oils, and, on the other, to the diversity of behaviour 
encountered between different crudes. Several methods have been proposed; one of them 
is based on the asphaltene-resin ratio [55], which is calculated using the weight percentages 
from SARA analysis. Resins have a tendency to disperse asphaltenes into a colloidal form 
avoiding their deposition. For any given oil, the higher the asphaltene-resin ratio, the more 
unstable the oil is expected to be. From empirical evidence based on laboratory  
data [55], 0.35 is set as the cut-off point for the asphaltene–resin ratio below which an oil is 
considered stable. 
 
Subsequent work has shown the Colloidal Instability Index (CII) , which takes into account 
the influence of the aromatics and saturates contents as well, to be the best parameter to 
predict the fouling propensity [18] of a crude oil. CII is defined as the mass ratio of the sum 
of asphaltenes and its flocculants (saturates) to the sum of its solubility classes (resins and 
aromatics) in a crude oil. Thus 
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Studies suggest that CII represents asphaltene micelle stability; those crude oils with  
CII values greater than two are typically heavy foulers [91]. 
 
2.3.1 Asphaltene research 
When researching asphaltene topic, there is a number of problems that make this research 
difficult and more challenging:   
Crude petroleum is a continuum, so while it is relatively easy to identify and characterize  
a single compound; the same is not true for a fraction of oil. Crude is comprised of possibly 
thousands of different compounds, with properties that are distributed continuously  
in broad ranges; the asphaltene fraction is a sub-fraction of the oil, and also comprises very 
many different compounds. Oil and asphaltene characterizations are performed either by 
considering overall average properties or by considering a few of the major sub-fractions. 
Due to the inherent chemical complexity, the chemical evidence obtained analytically can 
often be interpreted in terms of a variety of different chemical structures, each with their 
individual behaviour patterns. In general, it is recognized that, due to their potential  
for molecular re-arrangement, asphaltene molecules are able to exhibit a variety  
of configurations, further complicating the study. The situation is further worsened by  
the fact that the asphaltene chemical structure strongly depends on its origin (i.e. on  
the crude from which it comes) and that even in a single crude, a distribution of different 
asphaltene molecules is always present.  
Asphaltenes tend to aggregate [92], even at very low concentration and this is another 
source of confusion when dealing with them. Due to the fact that its chemical structure  
is not known and constant, it is often difficult to distinguish if the measured properties  
are to be attributed to the monomer or to the aggregate (and how big the aggregates are).  
Such a fundamental property as the molecular weight is a good example of this problem:  
in literature it is possible to find molecular weights estimation from about 1 000  
to 100 000 g/mol [5]. 
Given the known complexity of the problem, it is perhaps unsurprising that a variety  
of different models have been developed to attempt to describe the asphaltene structural 
52 | P a g e  
 
phenomenon. In addition, there is much contradiction between models which makes 
matters worse. 
2.3.2 Asphaltene structure 
Acording to Sheu [84] asphaltenes are suspended as a microcolloid in the crude oil, 
consisting of particles of about 3 nm [84]. Each particle consists of one or more aromatic 
sheets of asphaltene monomers, with adsorbed resins acting as surfactants to stabilise the 
colloidal suspension. The molecules are believed to be held together with π-bonds, 
hydrogen bonds, and electron donor-acceptor bonds. A relatively flat disk-like molecule  
is envisaged, with a centre that has a dominant aromatic core and a periphery that  
is characterized by aliphatic chains [93]. This type of model, referred to as “continental”,  
is only one of many possible structures that can describe the overall chemical formula  
of observed asphaltenes [94]. These “continental” models have been used as a basis  
for molecular and phenomenological [95] models, because they allow the formation  
of aggregates by stacking of their aromatic regions.   
In his work Groenzin and Mullins [96] used fluorescence depolarization measurements  
to determine the size of asphaltene molecules and to model compounds for comparison.  
As a result of their work they proposed three idealized asphaltene structures which are 
consistent with a variety of data including ring sizes and number of fused ring systems  
per molecule. They found small absolute sizes of asphaltene molecules. Furthermore, they 
found that a single aromatic ring system constitutes a large fraction of asphaltene 
molecules; thus, there are only one or two ring systems per asphaltene molecule, a result 
not previously demonstrated. This could provide support for small molecular weights  
for petroleum asphaltene molecules (500 amu–1000 amu). 
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Figure 2:7 Idealized molecular structures for asphaltenes [96]. 
 
Another plausible type of molecule is the “archipelago” model in which aliphatic chains 
interconnect groups of small aromatic regions  [97]. This model has a larger overall area and 
exhibits many molecular conformations, giving it very distinct aggregation  
properties [94].  It is plausible that real asphaltene fractions might have varying degrees of 
both types (continental and archipelago) of molecules and/or a significant amount  
of intermediate structures. This mixture of types has been observed in some solid 
asphaltenes where transmission electron microscopy has shown the existence of some 
regions of highly regular aromatic stacking within an amorphous matrix [98]. 
Using Small-Angle Neutron Scattering (SANS) apparent “fractal” dimensions Df value  
of 2 was obtained from the scaling behaviour of the scattering intensity at intermediate 
wave vectors. These results suggested that asphaltenes form highly porous aggregates 
consistent with the “archipelago” model of asphaltenes in which the monomer molecular 
structure is comprised of fused-ring aromatic moieties connected by aliphatic and 
heteroatomic groups. These are shown in Fig.2:8 [99] 
Under unfavourable solvent conditions resins desorb from the asphaltenes, leading to an 
increase in asphaltene aggregate size, and eventually precipitation of large asphaltene 
aggregates. This asphaltene aggregation model is the so-called steric stabilisation model 
developed by Leontaritis and Mansoori  [86, 100]. On the basis of this model, 
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 resins are necessary to suspend the asphaltene aggregate, thus the aggregate is an 
asphaltene-resin complex. 
 
 
Figure 2:8 Schematic illustration depicting (a) an asphaltene monomer; (b) an asphaltene 
aggregate with size ca. 3–4 nm, and apparent “fractal” dimension Df between 1–2; and (c) 
an asphaltene aggregate with size ca. 12–15 nm, and Df between 2–2.5. [99] 
 
2.3.3 Kinetics of the asphaltene deposition 
One factor that has received little attention is the kinetics of asphaltene flocculation. 
Because oil production and processing take place over relatively short time scales (minutes 
rather than hours), the kinetics of asphaltene flocculation can have a significant impact on 
the potential for deposition. 
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A key to the understanding of colloidal aggregation is the energy of interaction between two 
approaching particles which is assumed to comprise a short-range attractive component 
and a repulsive component which behaves as a barrier. If the height of the repulsive energy 
barrier Eb is sufficiently large compared to kbT (attractive part), the particles will be unable 
to stick to each other when their diffusive motion causes them to collide, and then they will 
be stable without aggregation. Aggregation can occur when the height of the barrier  
is reduced. If Eb, is reduced to much less than kbT, every collision will result in the particles 
sticking together, leading to a very rapid aggregation, limited only by the rate of diffusion 
induced collisions between the clusters. This regime is therefore called diffusion limited 
colloidal aggregation. In contrast, if Eb, remains comparable to or larger than kbT, many 
collisions must occur before two particles stick to each other. In this case the aggregation 
rate is limited by the probability of overcoming the repulsive barrier P ~ e(- Eb/kbT),  
thus leading to a much slower aggregation. This regime therefore is called reaction limited 
colloidal aggregation [101].  
Similar aggregation characteristics can be represented using two time scales: the diffusion 
time and the reaction time [102]. The diffusion time, τdiff, is the typical time that it takes for 
two arbitrary particles to meet each other. The reaction time, τreact, is the typical time  
for two particles to flocculate when they are held in mutual proximity. When τdiff>>τreact,  
the kinetics are diffusion-limited; that is, flocculation is a diffusion-controlled process.  
In this case, particles most likely flocculate on their first encounter with a neighbour,  
and hence the kinetics are largely influenced by local fluctuations in the concentration of 
the particles. When τdiff <<τreact, flocculation is limited by the relatively large reaction time 
and is known as a reaction-limited or reaction-controlled flocculation. In this limit, particles 
may come within the reaction range of each other numerous times before they actually 
flocculate. In other words, a particle may sample large volumes of its surrounding 
neighbours before flocculating, and hence it effectively responds to the global 
concentration of other particles. 
 
In each case, however, as particles stick together to become clusters, the clusters 
themselves continue to diffuse, collide, and aggregate. Thus, both regimes are examples of 
cluster-cluster aggregation. In any case the interaction range is short compared with  
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the particle radius while the strength of the resultant bonds are much larger than kbT,  
so the clusters formed are rigid. A fast aggregation (only limited by diffusion) leads to  
an open structure (Df = 1.7-1.8) while an aggregation that must overcome an energy barrier 
(limited by reaction) gives rise to denser one (Df 2.0-2.1).  
 
Yudin et al. claimed that they observed a crossover between these two types of aggregation 
kinetics when concentration of the precipitant (n-heptane) was near the precipitation 
threshold [103]. 
 
The analysis of experimental data collected by Anisimov et al. [89] when measured in 
toluene/heptane solution, shows that the kinetics of aggregation-flocculation of asphaltenes 
can be roughly divided into three stages. The first one is a nucleation stage corresponding to 
the formation of asphaltene clusters of critical size. This stage (of the order of several 
minutes) can be observed only in the case of small excess of heptane over the threshold. 
During the second stage these clusters grow into the basic aggregates mainly by absorbing 
the asphaltene "monomers" and small micelles from the solution. The third stage can be 
associated with formation and growth of ramified flocs which are made up from the basic 
aggregates and have apparently a fractal structure. 
The reversibility of the asphaltene aggregation is also a subject of some controversy.  
More recent experimental data suggest that asphaltene flocculation is a reversible  
process [89, 104]. In this case, flocs are held together with dispersion forces and can be 
separated if sheared. Reversible flocculation can be described as follows [102]: 
  2:17 
         
    
←   
      
→    
Where  Fi,j and Di+j are the reaction rates for the flocculation and disintegration processes, 
respectively, and Mi and Mj indicate the masses of species i and j, respectively. For spheres, 
the reaction rate expression is given by [105]: 
  2:18 
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where di and dj are the diameters of the flocs and w is a separation distance within which 
flocculation can occur. 
Equation 2:17 can then be expressed in terms of the number of individual particles in the 
flocs:  
  2:19 
           
 
    
 
 
     
where Kf is the flocculation reaction constant, ni and nj are the number of individual particles 
in flocs i and j, and λ is an adjustable parameter.  
Finally the following equation for the overall reaction rate was proposed [105]: 
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When ni = nj, this equation reduces to the previous one. When ni.>> nj, it reduces to  
Fi,j= Kf nf 
λ/Df; that is, the flocculation rate is determined from the size of the smaller of the 
two colliding particles. 
Disintegration may occur through erosion or shattering. Erosion is the removal of individual 
particles from flocs through grinding or shear. Shattering is the fragmentation of flocs into 
smaller flocs of any size less than the original floc. This model is valid only for diluted 
systems and authors claimed that they need more data to extend it to more concentrated 
solutions. 
The influence of pressure on the onset of flocculation of asphaltenes in the pressure range 
from 1 to 300 bar and at temperatures up to 100oC was investigated  
by Rahimian et al.  [106]. The influence of pressure and temperature on the onset of 
flocculation correlates with the solubility of methane in the dispersion medium.  
No correlation was found between the onset of flocculation and the asphaltene content. 
However, the rate of particle aggregation increases with the asphaltene content as well as 
with the pressure after the onset of flocculation. 
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An alternative model of asphaltene stabilisation exists, referred to as the thermodynamic 
model, and first reported by Hirschberg et al. [104]. In this approach the resins are not 
considered explicitly, but are treated as an integrated part of the solvent medium. This view 
implies that the asphaltene monomers and aggregates are in thermodynamic equilibrium, 
solvated by the surrounding medium. Thus, the critical distinction between  
the thermodynamic and steric stabilisation models lies in whether the asphaltene colloids 
are solvated or suspended in the hydrocarbon media [84]. The main advantage of using the 
thermodynamic approach when modelling asphaltene aggregation is that it utilizes 
conventional thermodynamic methods for phase equilibra (like equations of state). 
However, since the resins are not considered explicitly it does not sufficiently take into 
account the resin-asphaltene interaction which in itself can be complicated  [107].  
Different thermodynamic asphaltene aggregation models have been reviewed by Andersen 
and Speight [108], with the conclusion that they are lacking in several respects and are not 
quantitatively correct. 
2.3.4 Thermodynamics of asphaltene deposition 
The development of asphaltene precipitation models has been based mainly on two 
different conceptual descriptions of asphaltene solutions: (1) asphaltenes and resins are 
considered as molecular entities dissolved in crude oil; and (2) asphaltene and resin 
molecules form asphaltene–asphaltene and asphaltene–resin aggregates dispersed in an oil 
matrix. 
Asphaltene aggregation and solubility in crude oil has been the subject of several theoretical 
investigations. Hirschberg et al.  [104] combined Hildebrand regular solution theory with  
a Flory-Huggins entropy of mixing to express asphaltene solubility in crude oil as a function 
of molar volume and solubility parameter. This new model of polymer solubility  
can be expressed as: 
  2:20 
        (
  
  
  )        
   
Where         is the maximum volume fraction of Va,max asphaltene soluble, Va and Vs are 
the molar volume of the asphaltene and the solvent, respectively, X  is the Flory interaction 
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parameter and    is the solvent volume fraction. The Flory interaction parameter, X, 
approximately equals: 
  2:20 
              
  
where    and    are the solubility parameter of the solute (asphaltene) and of solvent 
(deasphaltened oil) respectively.  
Assuming that δa >>δs one can write: 
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  )              
  
Model above is called Flory-Hildebrand approximation (FHH) and using single-component 
properties the soluble volume fraction of the asphaltenes      , can be calculated from it. 
Two parameters are essential in the performance of this model: the molar volume and 
solubility parameter of the asphaltene components. Though density can be easily measured, 
the molecular weight is a much more difficult parameter to obtain (due to the aggregating 
nature of the asphaltenes).  
Hirschberg et al.  [104] determined their model input data (solubility parameter and molar 
volume) by fitting the results of asphaltene solubility measurements to a thermodynamic 
model of asphaltene precipitation. They assumed an asphaltene molar volume of 4 m3/kmol 
to get an optimal fit between calculated and experimental data. Even the authors 
recognized the lack of resemblance between the assumptions in their model and the true 
nature of asphaltenes [104]. 
Brandt et al. [109] combined a mean-field energy of mixing with a modified Flory-Huggins 
entropy of mixing to describe asphaltene aggregation in a given solvent. They modelled 
asphaltene molecules as flat hard discs called ‘unit sheets’ with aspect (thickness/diameter) 
ratio є<< 1 that can ‘stack’ to any arbitrary degree in the solvent. They expressed  
the volume fraction of asphaltene ‘stacks’ as a function of asphaltene concentration, 
asphaltene cohesive/‘stacking’ energy, asphaltene-solvent interaction energy,  
and asphaltene ‘unit sheet’/‘stack’ excluded volume. 
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The relative volume fraction of stacks with k sheets is equal to: 
  2:22 
∑     
and has to follow from the model.  
Brandlt et al. [109] assumed a polycyclic aromatic compound with saturated substituents  
to evaluate two input parameters of their thermodynamic model of asphaltene aggregation 
which again was a result of lack of proper thermodynamic data. 
Victorov and Firoozabadi [110] have extended the existing free-energy models  
of amphiphile micellisation to petroleum fluids. Their new thermodynamic model combines 
a free-energy model of micellisation with the Peng–Robinson equation of state [111].  
For the most part the Peng-Robinson equation is generally believed to be superior to earlier 
cubic equations of state in predicting the liquid densities of many materials, especially 
nonpolar ones. 
Victorov and Firozabadi [110] model expresses asphaltene solubility in a crude oil  
as a function of temperature, pressure, asphaltene–resin concentration, resin–asphaltene 
interaction energy, resin–crude oil interaction energy and a ‘molecular geometric’ 
parameter that accounts for resin packing constraints at the surface asphaltene micelles. 
Intermicellar interactions as well as osmotic pressure effects were neglected in their model.  
Victorov and Firoozabadi’s  [110] micellisation model could be written as  
  2:23 
   
  
  
               
    
Where    
    is the equilibrium concentration of monomeric asphaltenes in the crude 
coexisting with the solid asphaltene phase and   is the fraction of micellar core surface 
covered by resins and Gibbs energy of micellisation    
   is defined by: 
  2:24 
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The previously mentioned lack of molecular and thermodynamic data on asphaltenes and 
resins has also led Victorov and Firoozabadi to make several simplifying assumptions 
including the use of assumed values for the interaction energy of a resin molecule with 
asphaltene. These values increase the uncertainties in the predicted solubility of 
asphaltenes in crude oil. 
Rogel  [112] has carried out molecular-dynamics (MD) simulations of asphaltene aggregation 
in n-heptane,  toluene and their mixtures. He reported that simulation of asphaltene 
aggregates in vacuum results in energetically favoured structures. The structure of the 
asphaltene aggregates consists of an aromatic core surrounded by aliphatic chains. 
According to Rogel the solubility parameter of the asphaltene aggregate decreases with the 
increase in the aggregation number. That means that in the case of lower solubility 
parameters the aggregation of the asphaltenes helps the solubilisation of this fraction. 
Therefore in solvents with a very low solubility parameter, the aggregation could generate 
larger particles for which the buoyancy forces overcome the Brownian forces and,  
in consequence, the aggregates precipitate out of solution. Calculations done by Rogel [112] 
show that more-stable dimers are obtained with an increase in the ratio n-heptane to 
toluene, in agreement with the experimental behaviour of longer asphaltene particles when 
the ratio n-heptane to toluene is increased. 
Murgich et al.  [113] have carried out molecular-mechanics calculations of the energies of 
model asphaltene and resin molecules. They reported that the interactions between  
the ‘aromatic planes’ of asphaltene molecules was the main driving force of their 
aggregation. 
In his newer work Murgich [114] came to additional conclusions. First of all the overall 
model of asphaltene aggregates was modified. He concluded that crude oil cannot be 
described just as a simple micellar system of asphaltene and resin molecules (or as a sol 
formed by solid asphaltene particles dispersed by resins). The molecular aggregates may 
vary from solid particles formed by asphaltenes and resins to loosely bound micelles with 
quite-short lifetimes. These different aggregates may coexist within the crude oil and many 
will exchange components with others.  
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Molecular mechanics calculations done by Murgich [114] showed that the asphaltene 
aggregate representing the heavy fraction of a crude oil from Athabasca exhibits stronger 
interactions with its resins than with solvents such as toluene and n-octane. It was found 
that the resins showed a considerable selectivity for the different adsorption sites of  
the asphaltenes. This selectivity was stronger than the one for the solvent molecules 
indicating that it is enthalpically more favourable for them to form aggregates with  
the asphaltenes. He concluded that this selectivity may help to explain the tendency of 
some resins to disperse only the asphaltenes of certain types of crude oils while failing for 
others. 
Limited work has been done on the kinetics of the asphaltene adsorption on metal surfaces. 
Also, in the past, almost no effort has been directed toward the development  
of a thermodynamic framework to describe asphaltene-metal interactions. This is despite 
the fact the asphaltene deposition on metal surfaces is considered to be a critical Flow 
Assurance issue by the petroleum industry  [115]. In their paper, Alboudwarej et al. [116],  
proposed building a thermodynamic framework that accounts for various types of 
interactions between the adsorbate (asphaltene) and adsorbent (metal surface) in the 
presence of a medium (solvent). The total free energy of interaction ∆G, can be written  
as a sum of a van der Waal (LW), acid-base (AB) and the electrostatic interactions. 
To obtain necessary values for surface tension of metals and asphaltenes contact-angle 
measurements were proposed by the authors  [115]. The free energy of interaction  
or adsorption of asphaltene on metal surfaces in the presence of toluene was calculated.  
It was predicted that asphaltenes will adsorb preferentially in the following order Au > SS 
(Stainless Steel) > Al. The authors stressed that experimental work is underway to test the 
validity of these predictions. 
In their recent work Zhang et al.  [117] developed an asphaltene precipitation model based 
on the on the Peng–Robinson EOS (Equation Of State) which has been used in wax,  
gas hydrate, and sulphur solubility calculations, with an additional chemical-contribution 
term added to describe asphaltene association. The authors used following assumptions:  
(1) asphaltene precipitation is caused by the self-association of asphaltene molecules;  
(2) asphaltene precipitation is a reversible thermodynamic process; (3) the precipitation 
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phase is a liquid phase which consists of mainly asphaltene and some heavy fractions from 
the crude. 
2.3.4.1 SAFT models  
The precipitation of asphaltenes in two Mexican crude oils using a combination of high-
pressure isothermal expansion and atmospheric titration with n-alkanes was investigated by 
Gill-Villegas et al.  [118]. A theoretical study for these systems was performed using the 
Statistical Associating Fluid Theory for potentials of Variable Range (SAFT-VR) equation of 
state. In this theory chain molecules are modelled as chains formed by tangent hard spheres 
interacting by van der Waals forces and association sites, and the thermodynamic 
properties are described by a perturbation theory. In this way both the effect of molecular 
shape and association are directly included in the model, in contrast to cubic equations of 
state, such as Peng-Robinson. Both these factors could be of importance in phase equilibria 
involving asphaltenes and resins.  Generally speaking most of the empirical approaches use 
cubic equations of state and van der Waals equation as a basis, and try to improve the 
attractive term. It should be pointed that this could be believed to be inaccurate since the 
repulsive term is the less accurate of the two [119]. In fact, it is recognised today that the 
properties of a fluid are determined largely by the repulsive interactions. Nevertheless, 
most of the cubic equations of state assume the van der Waals repulsive term and try to 
improve the attractive term. The repulsive term in Peng Robinson becomes the free-volume 
term of the van der Waals equation therefore representing the excluded volume of two 
spheres. It could be stated that it misrepresent the excluded volume of the resins and (for 
the cross interaction) the mixture. Additionally it does not take into account molecular 
association.  
In the light of those observations a SAFT-type expression may be more accurate. Some 
additional simplifications apart from modelling asphaltenes as hard spheres were necessary 
to successfully use this approach [120]. These were: interactions between asphaltene and 
resin molecules are given by potentials of mean force (hard-sphere repulsions, van der 
Waals attractions and short-ranged anisotropic interactions); the bonding was assumed in a 
way that asphaltene-asphaltene and  asphaltene-resin associations are permitted, but 
association between resin molecules was not allowed; asphaltene separation is described as 
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a liquid-liquid equilibrium process and finally asphaltene and resin are represented by 
pseudo-pure components, whereas all other oil components are a continuous medium. 
The SAFT-VR equation of state is given in terms of the Helmholtz free energy (the pressure is 
obtained from the volume derivative of the free energy). The general form of the Helmholtz 
free energy for associating chain molecules is given by [121]: 
  2:25 
 
   
 
      
   
 
  
   
 
      
   
 
      
   
 
where A is the Helmholtz free energy for an oil of N molecules at temperature T; k is the 
Boltzmann constant, and AIDEAL, AM, ACHAIN, and AASSOC are the ideal-gas, monomer, chain-
formation, and association contributions to the free energy, respectively. 
 By developing a SAFT-VR EOS description of these fluids, an improved prediction of 
asphaltene precipitation can be achieved with the use of a single set of the model 
parameters.  The method proposed by Gill-Villegas et al. [118, 119] is able to capture the 
fundamental features of the phase separation in the asphaltene- resin- oil systems. This 
approach has already resulted in a promising modelling approach to predict the phase 
equilibria of asphaltene precipitation attributed to composition changes at ambient P–T 
conditions (that is, from tank-oil samples) [118].   
2.4 Experimental studies 
Extrapolating the laboratory data to field fouling situations has several limitations. 
Assomaning et al. [44] has identified important issues which should be assessed when 
extrapolating laboratory fouling data to the field. Those include:  
1. Effect of fluid composition; 
2. Effect of fluid recirculation in the laboratory unit on fouling data; 
3. The nature of fouling mechanisms in the field and in the laboratory; 
4. The fluid dynamics of heat exchangers in the field and fouling units  
in the laboratory; 
5. Pressure effects and the predominance of sub-cooled boiling conditions  
in laboratory units; 
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6. Laboratory experiments are done under carefully controlled conditions while 
field processes are not. 
Various laboratory equipment and test probes have been developed to study crude oil 
fouling. Fouling apparatuses described below fitted with different fouling probes have been 
used widely for researching crude oil fouling mechanisms. In laboratory experiments,  
fouling is accelerated in order to perform tests within a reasonable period of time. This is 
usually achieved by use of high surface temperatures or heat fluxes and low velocities.  
Experiments at lab scale do not, therefore, directly imitate actual refinery heat exchanger 
fouling too strictly. On the other hand, disadvantages of using plant data [23] are associated 
with the difficulty of controlling the conditions of the experiments. 
 
Once Through Units 
Once-through continuous flow fouling units have been reported to be used in the refineries 
and are known as field fouling units [122]. The disadvantage of field fouling units is that the 
crude oil properties do not remain constant as the crude to the refinery changes very 
frequently. 
 
Coiled Wire Probe 
A coiled hot-wire probe was used for example in styrene fouling experiments [123].  
The probe was a Hot Wire Probe (HWP), based on the UOP Monirex Fouling Test. The 
heated surface was provided by a 0.14 mm diameter stainless steel 304 coiled wire.  
It was positioned within a rectangular duct of cross-section 40 mm x 13 mm, perpendicular 
to the fluid flow. The surface temperature of the wire was determined via wire resistance 
measurements.  However, the flow was low-velocity and laminar, in contrast to the 
turbulent flows normally found in industrial heat exchangers. 
Thermal Fouling Tester 
The Thermal Fouling Tester (TFT) is primarily used in industrial research centres to measure 
crude oil fouling [124]. The TFT test involves circulating the crude oil through a miniaturized 
and electrically heated heat exchanger housing equipped with a carbon/steel heater tube 
while monitoring the outlet temperature of the crude oil. Fouling is determined  
by the decrease in fluid outlet temperature (∆T) which is caused by deposit formation  
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on the heater surface. Variations in deposit formation are then related to the effect of crude 
oil composition on petroleum fouling [125]. 
 
Tubular Systems 
A tubular probe was used by Crittenden [47] The main items in the flow loop were a 0.105 
m3 heated reservoir (2 kW) and a centrifugal feed pump fitted with a variable speed 
magnetic drive. Flow-rates to the two parallel test sections were individually controlled and 
monitored using flow meters. A bypass, for circulating crude oil through the reservoir while 
it was being heated, contained two 1-kW “K-ring” heaters. The apparatus was pressurized 
and maintained automatically at 15 bar using a moveable piston that separated nitrogen gas 
from the crude oil. Free movement of the piston allowed the bulk pressure to remain 
constant as the test fluid expanded or contracted with temperature. The two horizontal 
tubular test sections comprised standard tubing, of overall length 560 mm and with inside 
and outside diameters of 14.83 and 19.05 mm, respectively. Heat was provided by external 
electrical elements over a length of 270 mm, with the power being controlled independently 
in each test section by a transformer and monitored by a wattmeter. Design of this 
particular apparatus enabled heat fluxes up to 282 kW/m2 to be used. The void in the heater 
assembly was filled with zinc, chosen because of its high thermal conductivity and low 
melting point of 419°C. Schematic of the described set up and the test section are illustrated 
in Figure 2:9 below 
 
 
Figure 2:9 The two horizontal tubular test section setup [47]. 
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Similar set up was recently used by Jamialahmadi [126] for measuring and prediction of 
flocculation of asphaltenes from crude oil. 
 
Annular Systems 
An annular probe (Portable Fouling Research Unit (PFRU)) developed by HTRI [34, 127, 128] 
is shown in the Figure 2:10 below. 
 
Figure 2:10 PFRU schematic [129]. 
 
It consists of a re-circulation fouling loop equipped with an annular electrically heated 
probe, which is fed from a tank of 7.5 l capacity. The pump discharge manifold has three 
hydraulically equivalent outlets to ensure even distribution of particulate matter. 
Calculations based upon the properties of an average crude oil done by authors estimated 
that the Reynolds number in the common piping is on the order of 100,000 at experimental 
conditions, which was sufficiently turbulent to keep typical particulate matter suspended. 
The apparatus has two identical test sections and a bypass. The HTRI fouling probe is shown 
photographically and schematically in Figure 2:11. The heart of the probe is a heater 
cartridge. This heater cartridge is encased in a copper tube for even heat distribution.  
Four K-type thermocouples are placed at 90° intervals around the outer circumference of 
the copper tube. Mica fills the rod outside the heated region. 
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HTRI was used primarily by Asomaning et al. [129] to investigate the effect of carrier fluid 
composition, dissolved oxygen and heteroatom species and later used [44] for improved 
understanding of the effect of operating conditions (i.e. temperature, pressure and 
residence time). 
 
Figure 2:11 HTRI system schematic [129]. 
 
Autoclave Systems 
Autoclave based fouling apparatuses have been developed more recently and used as a new 
alternative for fouling studies because they are relatively compact and use much smaller oil 
sample volumes than recirculating flow loops.  These kinds of units are costly to build and 
maintain, require large amounts of samples, and are not easily portable. The Alcor Hot 
Liquid Process Simulator (HLPS) unit [130] with an electrically heated annular probe 
configuration, has reportedly been used to evaluate the fouling propensities of different 
crude oils. The Alcor HLPS unit is operated at a fixed surface temperature with time,  
such that the amount of heat transferred to the liquid decreases as fouling takes place. In 
addition, the performances of the HLPS unit and a PFRU recirculation fouling loop were 
compared by Watkinson [131] who found that the fouling rates were roughly 250-500 times 
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higher in the HLPS because of its much lower fluid velocity. Three different crude oils were 
used to compare test results obtained using the PFRU loop and the HLPS unit. Two less 
viscous oils exhibited similar fouling propensities in both units. However, the most viscous 
oil showed a higher fouling propensity than the other oils in the PFRU and lower fouling 
propensity in the HLPS. Heat transfer appeared to be dominated by natural convection in 
the HLPS unit. Each fouling measurement unit has its limitations, with neither representing 
the once-through operating conditions employed in the oil industry. 
Stirred Tank Systems 
The stirred tank system recently developed at Bath University [132] was based on previous 
work of Eaton and Lux [69] and its schematic is shown in the figure below: 
 
Figure 2:12. Batch stirred vessel for fouling experiments [136]. 
 
The cell comprised of a pressure vessel (made from a block of 304 stainless steel) together 
with a top flange. The base of the vessel housed an upward-pointing test probe heated 
internally by a cartridge heater (the heat flux from the heater was controlled electrically). 
The crude oil (in the volume of 1.0 l) was agitated by a downward-facing cylindrical stirrer 
mounted coaxially with the test probe and driven by an electric motor via a magnetic drive. 
External band heaters were integrated to provide initial heating to the vessel and its 
70 | P a g e  
 
contents. An internal cooling coil used a nonfouling fluid (ParathermTM) to remove heat at 
the rate that it was provided via the cartridge heater during the fouling run. The vessel was 
fitted with a pressure relief valve and there was a single thermocouple to measure the 
crude oil bulk temperature.  
A summary Table 2:1 is presented below which summarises most commonly used 
experimental apparatuses described in in paragraphs above. 
Table 2:1 Experimental fouling apparatuses. 
 
2.4.1 Supporting theory for HIPOR facility instrumentation  
The new HIPOR facility under development at Imperial College London aims to improve on 
previous designs, utilising two novel techniques described in the section below. 
The facility incorporates a long, Joule heated test section in annular configuration, in parallel 
with a standard tubular configuration.  More details of the HIPOR rig are given in Chapters 3 
and 5.  
Coiled Wire Probe In this setup low velocity laminar flow was passed through the 
duct in which heated coiled wire was placed. 
Thermal Fouling Tester Recirculating system utilising miniaturised electrically heated heat 
exchanger. 
Tubular systems Experimental recirculating facility used by Crittenden was 
comprised of two horizontal tubes of overall length 560 mm. 
Electrically heated length was 270 mm. Heat fluxes were in the 
range of up to 282 kW/m2. Velocity range covered during the 
experiments was from 2 to 4 m/s. 
Annular systems Recirculating PFRU system used by HTRI consists of annular 
electrically heated probe with 7.5 l capacity tank. The heated part 
of the test section is 100 mm. Velocities in the test section can 
reach up to 4 m/s. Typical heat fluxes are in the 400 kW/m2 range. 
Autoclave systems Single pass HLPS uses an annular test section with 60 mm heated 
length through.  Heat fluxes applied are typically up to 10 kW/m2. 
Flow rates achieved in this apparatus (up to 5 ml/min) are lower 
than the ones used in PFRU systems leading to higher fouling 
rates. 
Stirred tank system Stirred tank comprises of a stainless steel tank of a 1 l capacity 
with a top flange. A test probe attached to the base is heated by a 
cartridge heater. Crude oil in the tank is agitated by a cylindrical 
stirrer. Overall probe length is 73 mm. Heat fluxes range  
up to 120  kW/m2. 
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2.4.1.1 Radiation equilibrium thermocouple 
To allow calculation of the heat transfer coefficient of the fouling layer the outer surface 
temperature of the Joule heated annular test section needed. This temperature is estimated 
from temperature of the inner wall. For that purpose a sliding thermocouple is used which 
can be traversed vertically inside the hollow inner tube [133]. The thermocouple relies on 
radiation equilibrium with the inner surface at any cross-section of the pipe and it does not 
touch the tube itself. To achieve this arrangement the thermocouple has to be bent at 90 
deg angles and encapsulated in an electrically insulating shield.  
 
Figure 2:13 Heat conduction in heated section [138] 
 
Having measured the temperature of the inner surface of the thin-wall heater Twi the 
temperature of the outer wall Two is estimated by solving a steady-state heat conduction 
equation for the heater geometry [134]. This takes into account the initial heat generation 
within the metal wall itself.  
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    is the thermal conductivity of the heated section 
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 ̇ is the internal heat generation rate [W m-3] defined as: 
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Where t is the thickness of the heated section wall,   
  is the outer radius of the heated 
section,    is the current and  
  
 is the resistivity of the heated section material. 
Equation 2:28 has following boundary conditions: 
1. at      
  
  
   
2. at            
The first of those boundary conditions implies that losses due to free convection within the 
cylindrical cavity are assumed negligible. 
Finally Two may be calculated from: 
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2.4.1.2 Dynamic gauging probe 
The technique of dynamic gauging has been developed as a novel non-contact method for 
measuring the thickness of soft films, for example many fouling deposits, on stiff supports.  
It is being developed and supplied by collaborators at the Department of Chemical 
Engineering at the University of Cambridge (D.I. Wilson) and is planned to be used in the rig 
when read. 
The technique is based on the behaviour of the fluid flow into a convergent nozzle as the 
nozzle tip approaches a smooth film surface held normal to the central axis of the nozzle. 
The principle of the technique is shown schematically on the Figure 2:14 below [135]: 
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Figure 2:14 Configuration of dynamic gauge. [136] 
 
The device was operated under conditions of constant pressure difference for the gauging 
fluid, so that fluid flowed from area 1 to 2, while the flow-rate was constantly measured. 
The flow-rate is very sensitive to the nozzle-film distance, h, particularly when  
the ratio 
 
  
     . That means that the flow-rate could be used to track the location of the 
surface in real time. Knowing the nozzle location precisely, the thickness or change in 
thickness of a layer can be monitored with a very good accuracy - in the work reported [135] 
even up to ±10 μm. The gauging technique has particular advantages for studying soft, 
deformable films in a liquid environment, and has been used by Tuladhar and Wilson [136]. 
Tuladhar and Wilson [137] presented a dimensional analysis of gauging behaviour under 
quasi-stagnant conditions. Their gauging apparatus was mounted in a quiescent bath of 
liquid so that the only flow component was due to the gauge action.  
Many systems of interest arise where the bulk liquid is not stagnant. A particular example is 
the growth or removal of fouling deposits in heat exchanger tubes, where there is a net 
convective flow component. Tuladhar and Wilson [136] have described the application of 
the dynamic gauging technique to cases where bulk flows are present. The thickness data 
generated using this method will be used in conjunction with thermal resistance data  
in HIPOR facility to give dynamic measurements of thermal conductivity of films and void 
fraction. This has been proved feasible in earlier work carried out at Cambridge [138].  
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Chapter 3 
Design of the HIPOR facility 
 
In general, experimental study of crude oil fouling has proved a very difficult challenge. 
Unfortunately, crude oil contains a variety of substances which tend to deposit as fouling 
layers in the heat exchangers when heated.  The material deposited ranges from gel-like to 
solid-like, and may change its properties with time. The deposited material may often be 
asphaltene derived but asphaltene related fouling deposits on heat exchange surfaces are 
not the only ones that need to be taken under consideration and the fouling process can be 
initiated by other species.  The mechanisms by which the fouling proceeds are still not fully 
understood; there are many complex interactions between oil properties, phase stability, 
rheology, chemical reactions, heat transfer, interfacial and adhesion properties, surface 
properties and exchanger geometry, all of which affect the fouling mechanisms and the sub-
processes. 
 
There is therefore a need  for an test rig through which fouling behaviour can be better 
understood, and so that the plant equipment and process parameters in an oil refinery,  
and their operation, can then be modified, monitored and controlled and the degree of 
fouling reduced. 
 
In this Chapter the main considerations and methodology used for development of  
the design for the HIPOR facility are explained. Section 3.1 presents the main design 
guidelines and Section 3.2 gives quantitative information about the design of  
the components of the facility. In Section 3.3, estimates are presented of the fluid physical 
properties and of the parameters such as Reynolds number which are related to these 
properties. This Section also includes applications of existing models for fouling. Section 3.4 
deals with estimates of heat losses. 
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3.1 Main design guidelines and “rig philosophy” 
The main objective of this project was to develop an experimental test system for simulating 
and studying the effects on heat transfer, pressure drop and fouling in the flow of crude oil 
through a test channel, such a channel being typical of a tube in a heat exchanger within the 
crude preheat train in an oil refinery. 
More specifically, the measurements were intended to focus on three major aspects of the 
effect of fouling deposition. Firstly, continuous monitoring of the heat transfer rate between 
the heated surface and flowing crude oil was to be performed, leading to an estimation of 
the rate of build-up of fouling resistance. Secondly, continuous measurement of pressure 
drop was essential for establishing shear stresses and the friction factor (or equivalent 
roughness) of the fouling layer.  Additionally continuous in-situ measurement of fouling 
layer thickness by a novel dynamic gauging technique (developed by University of 
Cambridge and described in Literature Review) was intended to acquire additional data. 
It was also decided that there will be two test sections – one tubular (more representative 
of the actual tubes used in refineries heat exchangers) and one annular so that direct 
comparisons between the two might be done under same experiment conditions.  
The annulus section offered the advantages of more accurate temperature measurement 
and of direct access to the fouling layer.   
3.1.1 Overall test rig description 
The main aim of this test facility was to enable lab-based research to be carried out as a 
series of tests on crude oil fouling in situations simulating the conditions in the preheat train 
of a crude distillation unit.  The main test sections designed for the facility were a tubular 
test section and an annular test section. However, the rig has a sufficient flexibility  
to accommodate other test configurations. For example, the rig can be modified to study 
fouling in more complex heat exchanger geometries by replacing a main test section or  
by adding inserts within the test tube. 
 
It was decided that the rig developed and built in the process of this project should 
comprise of following main features to meet just mentioned aims:  
 main tank that would supply sufficient volume of desalted crude oil  
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 a vertical annulus test section arranged to receive crude oil  from the main supply 
tank; this test section comprising a heated inner tube and an outer unheated  tube 
with the oil passing in through the annular gap  
 a vertical heated tubular test section arranged to receive crude oil from the main 
tank  
 a pipe circuit connecting the supply of crude oil to the test sections configured such 
that the heated oil can be simultaneously supplied to the annulus and tubular test 
sections  
 power supplies allowing for heating a region of the annulus and tubular test section  
 a set of manual, computer on-off valves as well as computer control valves coupled 
with flow meters serving as means for controlling and measuring the flow of the 
crude oil from the main tank to the test sections 
 
A simplified flow sheet of the facility is presented in Figure 3:1 below. 
 
Figure 3:1 Simplified flow sheet of the test facility 
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To enable the rig to be operated in a stand-alone, self-contained manner, the crude oil is 
recirculated around the pipe circuit which conserves the amount of the oil needed for the 
test. It is important that the oil volume in the rig should be large enough to minimise any 
changes in the oil resulting from the deposition of the foulant. This implies the use of oil 
volumes (mainly located in the main tank) of approximately 100 litres.  As will be presented 
in paragraph 3.2.3 depletion of asphaltenes due to recycling, when using this particular 
volume, was estimated to be in the range of 7%.  
 
The main test parameters (discussed in section 3.1.2) were partially based on 
recommendations listed in work by Bennett et al.[18] and additional information acquired 
from the Crude Fouling Working Party organised by ESDU. To emulate conditions in  
an actual refinery, it was decided that crude oil should be supplied to the annulus and 
tubular test sections at high pressure, up to 30 bar.  Such pressures are typical of those used 
in oil refineries, and their use contributes to the authenticity of the simulation. 
 
In the HIPOR facility, the test sections are heated using Joule heating which involves passing 
a high current through the walls of the test sections.  The use of a Joule heating scheme 
allows precise control and measurement of the heat flux to the crude oil and also allows 
access to the metal surface for accurate temperature (and hence heat transfer coefficient) 
measurement. Connections to the heated sections of the tubes are made using copper 
clamps which are, in turn, connected to the power supply units using associated copper 
braids and bus bars. The copper clamps were manufactured with internal channels  
to accommodate a flow of cooling liquid.  Passage of a coolant through the clamps during 
test section heating ensures that the clamps themselves do not become excessively hot. 
Joule heated regions of the test sections had to be electrically isolated from the rest of  
the test sections to prevent the heating current from leaking elsewhere. The heated regions 
of the test sections were targeted to reach temperatures in the range of 250 – 350 °C, 
resulting in heat fluxes of 20 000 – 100 000 W/m2, as recommended by Bennett et al [18], 
 as being representative of oil refinery operating conditions. 
 
As a part of the data acquisition system, an adequate means of measuring the temperature 
of the heated region of the annulus test section had to be chosen.  For this purpose,  
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a traversable radiation equilibrium thermocouple mounted inside the inner tube of the 
annulus was employed. By axially traversing this thermocouple, the wall temperature of the 
inner tube to be measured in a number of places giving an accurate temperature profile. In 
the case of the tubular test section, wall temperatures were measured by a series of high 
precision, stick-on thermocouples described in more detail in a later part of this Chapter. 
A key component of the test facility is the cooling circuit that is required to remove the heat 
added to the crude oil during its traverse through the heated test sections. The cooling 
circuit comprises a primary heat exchanger arranged to transfer heat from the crude oil to a 
special heat transfer fluid, ParathermTM, circulating in a closed loop.  Heat absorbed by the 
ParathermTM is then transferred, in turn, to cooling water in a secondary heat exchanger.  
In turn, the heat is then removed from the cooling water circuit by a chiller that finally 
rejects the heat direct to the atmosphere. Cooling of the crude oil is thus achieved by  
a cascade of primary and secondary exchangers plus the water chiller. These units combine 
to remove the heat added in the test sections, thereby cooling the oil to the desired bulk 
storage temperature, i.e. the temperature in the storage vessel prior to admission to  
the Joule-heated test sections. 
 
The heated parts of the test sections are made from carbon steel whilst the rest of the pipe 
circuit is made of stainless steel.  The use of carbon steel for the fouling surfaces in the test 
sections simulates the real fouling conditions in an actual oil refinery, whereas the use  
of stainless steel in the rest of the pipe circuit is designed to reduce oxidation, corrosion  
or fouling elsewhere. The test sections had to be designed in such a way that they are 
removable from the rest of the pipe circuit, enabling them to be taken away at the end 
 of a test and the fouling deposits examined subsequently. 
 
Both of the test sections including the pipe circuit, pumps and other components were 
placed in an enclosure swept with nitrogen to maintain oxygen concentration in  
the enclosure at less than 7 vol%. This was a conservative target to prevent combustions in 
the unlikely event of a leakage of crude oil into the enclosure.  
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3.1.2 Guidelines 
A set of initial parameters had to be set for designing and sizing the HIPOR flow facility.  
The majority of them were based on the recommendations included in the publication of 
Bennett et al.[18]. These authors concluded from the test section configurations already 
evaluated, that monitoring fouling inside a 19 – 25 mm (0.75 – 1") tube is ideal. The most 
interesting experimental conditions, according to Bennett et al. [18]., mimic those of the 
worst fouling exchangers in the crude oil preheat train. These conditions typically span 
surface temperatures of 260 – 320 °C, bulk temperatures of 200 – 260 °C; shear stresses on 
the fouling surface corresponding to velocities of 1 – 3 m/s in the  19 mm (0.75") heat 
exchanger tube; and system pressures of 2 – 7 MPa (20–70 bar). The relatively high 
pressures are utilized to prevent boiling within the exchanger. Recommended metallurgies 
are, in order of decreasing fouling propensity, carbon steel, low/medium chrome steel,  
and stainless steel. The list of main recommendations is tabulated in Table 3:1 below: 
Table 3:1 Main recommendations of Bennett et al.[18]. 
Test parameters:  
Crude oil inlet temperature: max. 200 – 260 °C 
Crude oil pressure: max. 20 – 70 bar 
Test surface temperature: 260 – 320 °C   [oil plus max 120 °C] 
Fluid hydrodynamics:   
linear velocity:    1 – 3 m/s 
annulus dimensions:   2 – 5 mm 
 
In ensuring that the HIPOR facility met as many required criteria as possible, much advice 
was received, in the early stages of the project, from the Crude Oil Fouling Working Party 
organised by ESDU (a team of oil refiners, heat transfer equipment manufacturers and 
chemical suppliers). The Oil Industry Fouling Working Party was formed to investigate the 
huge economic and environmental importance of fouling in crude distillation units and the 
potential benefits that can accrue from better understanding of mitigation strategies and 
represents some 70% of the global refining capacity. The close partnership between 
industry and the researchers was the key in developing this unique design.  During these 
meetings, several additional constraints and recommendations were proposed.  
These recommendations differ mainly with respect to the desired Re number achieved in 
80 | P a g e  
 
the test sections and, specifically, a maximum Re number of 20 000 was suggested. This 
value corresponds to lower test section velocities than Bennett et al. [18] suggested. 
However, these lower velocities should ensure a higher deposition rate within the flow 
facility, thus assisting towards keeping test runs within practical time limits. In addition, it 
was confirmed that the heat flux imparted to the oil should be in the 20 -100 kW/m2 range.  
 
The task of meeting all the specified criteria simultaneously proved to be challenging, as will 
be shown in subsequent sections of this Chapter. Many problems were caused by lack of 
reliable physical properties for crude oils at the intended high temperature rig operating 
conditions. This meant that some general assumptions had to be made. In the process of 
performing the initial sizing calculations, it became obvious that, for a given geometry, some 
compromises had to be made. 
 
In addition to the parameters listed in the Table 3:1 above, several other constraints were 
introduced; these will be discussed in detail subsequently. First it was decided that the 
tubular test section should be a standard 1" tube (which follows the guidelines  
of Bennett et al. [18] Then, to allow for a close match of flow area between the two test 
sections, the annular section was designed with a 1 ¼" external tube and ½" internal tube. 
For both test sections, the heated length chosen was close to 2 m, to ensure good 
representation of actual industrial equipment. This substantial length is one of the key novel 
features of the HIPOR rig, since most of the earlier work referred to in the literature is based 
on heated fingers, a few cm long. 
 
Based on the recommendations from the original Bennett et al. paper [18], and intensive 
discussions with various members of the Crude Oil Fouling Working Party, it became 
apparent that several key measurements were needed to be made for the range of test 
parameters considered. Specifically these were: 
1. Pressure drop in the both test sections, measured by differential pressure cells (DP 
cells). 
2. Flow measurement and control; the flow measurement is achieved using variable 
area flow meters (rotameters with electronic float detection) and the control is 
achieved using computer-actuated valves.   
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3. Wall temperatures measurements: 
 The annulus inner wall temperature was measured by means of an axially 
traversed radiation equilibrium thermocouple 
 The tubular test section outer wall temperature measurement was  made using 
cemented on K-type thermocouples 
4. Bulk fluid temperature measurements are made using standard K-type 
thermocouples. 
5. The intention is to measure deposit thickness using a radially-traversing dynamic 
gauging probe developed by the University of Cambridge.  
 
3.2 HIPOR design procedures 
The methodology used to calculate essential design parameters is outlined below, using 
sample calculations and selected key values. 
 
3.2.1 Test section pipe size 
The test line sizing calculations were done using British Standard BS5500:1997 (Specification 
for unfired fusion welded pressure vessels) and BS1600:1991 (Specification for dimensions 
of steel pipe for the petroleum industry) where a relation for the minimum cylinder 
thickness for a pipe is defined as: 
  3:1 
  
   
    
 
 
where  p – design pressure 
 Di – hydraulic diameter 
 f – design strength value N/mm2 
 
The temperature above which time-dependent properties should be considered for Carbon 
steel and/or Carbon/Manganese steel is 400 oC [51], which is above the intended rig 
operating range. Therefore standard tabularised values for f could be used. The values of f 
82 | P a g e  
 
to be used in the calculations were taken from Table 3:2 [51]; the lowest value of 86 N/mm2 
was selected. 
Table 3:2 Design strength values for carbon steel at various temperatures. 
 Design strength values at following 
temperatures 
 
Temperature 50 100 150 200 250 300 oC 
Carbon Steel (141, 360A) 137 126 115 112 100 86 N/mm2 
Carbon Steel (151, 161, 360) 137 126 115 112 100 86 N/mm2 
 
Using Equation 3:1 key values for a 1" tube were calculated and gathered in Table : 
Table 3:3 Minimum wall thickness value for a 1" pipe. 
1" pipe   
Internal Diameter 25.40 mm 
Design Pressure 33.33 bar 
Minimum thickness, e 0.50 mm 
 
For a particular set of high temperature and high pressure test conditions the following 
design and test pressure values were calculated as: 
Working Temperature  300 °C  
Working Pressure   30.00 bar(g) 
Design Pressure  = working pressure/0.9 = 33.33 bar(g) 
Test Pressure   = design pressure * 1.25 = 41.67 bar(g) 
 
Using the design pressure and temperature values it was possible to determine the required 
pipe schedule for a variety of internal pipe diameters. By knowing the schedules of the 
tubing comparisons of flow areas for annular and tubular test sections could be done to 
establish the best possible combination of tube sizes to be used. 
As demonstrated in Table 3:4 below it was found that a 1" tube had the closest cross 
sectional flow area to an annulus consisting of ½" tube inside of a 1 ¼" tube. For the annular 
section an equivalent area of 608.98 mm2 was obtained compared to 557.58 mm2 for 1" 
tubular section. 
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Table 3:4 Fow area comparison between the annulus and the tube section. 
1/2" in 1 1/4" 1" 
ID inner 15.80 mm Pipe ID 26.65 mm 
OD inner 21.34 mm Pipe OD 33.40 mm 
ID outer 35.08 mm Wall thickness 3.38 mm 
OD outer 42.20 mm    
Annulus gap 6.87 mm    
Equivalent Area 608.98 mm2 Pipe area 557.58 mm2 
 
3.2.2 Temperature expansion  
Once the tube sizes had been determined, consideration had to be given to how materials 
of different composition would expand under the specified temperature conditions.  
In Table 3:5, linear expansion coefficients for mild (0.05 – 0.15% of carbon), carbon (0.30 –
 1.70% of carbon) and stainless steel are given for a temperature of 315 oC and used to 
calculate the thermal expansion δl of a 1 m length of tubing. From this Table 3:5 it can be 
seen that stainless steel expands the most, followed by carbon steel (0.30 – 0.59% carbon) 
and then mild steel (0.05 – 0.29% carbon). These results mean that a thermal expansion 
allowance has to be made for both test sections and their joints. 
 
Table 3:5 Thermal expansion values for various types of steel. [51] 
 Mild Steel Carbon Steel Stainless Steel 
α (in/in*degF) 8.70 10-6 6.50 10-6 1.18 10-5 
δl (mm) 5.37 4.01 7.28 
 
3.2.3 Tank pressurisation and recirculating volume estimation 
Having determined the key sizes of the test sections, the next major task was to estimate a 
suitable size for the fluid feed vessel. One of the additional parameters established during 
meetings with the Crude Oil Fouling Working Party was the volume of the crude oil sample 
to be used in the course of experiments; this oil is to be recirculated continuously through 
the test sections and other components of the facility. As a first constraint, the actual 
footprint of the HIPOR rig had to be minimised due to laboratory space limitations. A second 
constraint was the need to limit the duration of experimental runs to one week, at most. 
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Third, the test volume should contain a sufficient amount of asphaltenic fouling precursors 
so that these would not to be significantly depleted during an experiment; this constraint 
relates directly to the number of recirculations permissible per test.  A fourth constraint 
arose from safely considerations on the inventory of hot, pressurised crude oil to be held 
within the system. Consideration of these factors led to a compromise value of 100 l for the 
volume of oil to be used; this has led to the specification of a feed vessel of 120 l capacity., 
The oil in the tank is heated prior to a run; this is done internally, by a submerged electric 
heater in the tank and externally by circulating the oil through a Joule heated stainless steel 
pipe. The tank is pressurized to the desired test pressure by direct nitrogen gas injection 
into the head space at the top of the vessel. The pumping system in the flow loop will only 
be used for crude oil recirculation to, and from, the test section, with the pump needing  
to overcome the pressure drop in the flow loop (as described in Section 3.1.1)) 
 
Inevitably, the number of recirculations for some of the scenarios taken under consideration 
could reach values as high as 50 000. However, a comparison has been made of the amount 
of asphaltenes which are likely to deposit during such testing against the initial amount of 
asphaltenes present in the crude oil sample. Estimations of deposit thickness have been 
taken from calculations presented in Section 3.3.1.3. Using these thickness values,  
the volume of asphaltenes deposited in both test sections has been calculated and the mass 
deposited has then been estimated, assuming a deposit density of 1 100 kg/m3 [126].  
The mass of asphaltenes present in the initial 100 l sample has been based on the properties 
of Petronas crude oil supplied for initial tests. As can be seen from the Table 3:6 below, 
these calculations indicate that about 7.3% of the asphaltenes present in the oil sample are 
deposited during a run under the most severe fouling scenario (experiment performed for 6 
consecutive days). Under more typical operating conditions, a value of perhaps 4% 
depletion might result. Although not ideal, it is hoped that such a modest depletion will not 
adversely affect the test results. In should be remembered here that although marginally 
depleted, the recycled oil will be in contact with an existing asphaltenic deposit throughout 
most of the run time, so the need for precursors to initiate fouling may no longer apply. 
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Table 3:6 Asphaltene depletion calculations due to recirculation. 
 Annulus Tube  
deposit thickness 6.00 10-4 7.00 10-4 m 
volume of deposit in both sections 1.68 10-4 m3 
asphaltene deposit density 1 100 kg/m3 
asphaltene mass 0.185 kg 
 
Crude oil calculations 
asphaltene from SARA analysis 3.06 wt % 
volume of oil 0.1 m3 
density of oil 825 kg/m3 
mass of asphaltenes in a 100 l sample 2.52 kg 
 
% deposited 7.3 % 
 
 
3.2.4 Temperature effect 
Having determined the feed vessel volume, the next task was to examine the effect of 
temperature fluctuations on the pressure within the HIPOR flow facility. In this case, it was 
assumed that the feed vessel was blanketed with nitrogen and that this gas could be treated 
as a perfect gas. Due to the large temperature variations from ambient to operating 
conditions, this gas would increase considerably in pressure. As shown in Table 3:7 for  
an initial tank pressure of 15 bar(g) and initial temperature of 15 °C, the final pressure at 
temperature of 320 °C would be 29.84 bar(g). To reach the desired final pressure in the 
system, an initial fill pressure was estimated using the perfect gas relation: 
 
  3:2 
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Table 3:7 Tank pressurisation due to temperature increase. 
Initial Pressure 15 bar(g) 
Initial Temperature 25 °C 
Final temperature 320 °C 
Final pressure 29.84 bar 
 
Once the facility had come to steady state conditions of 29.84 bar(g) and 320 °C, further 
consideration was given to the effect of small temperature fluctuations on the system 
pressure. A plot of these effects is shown in Figure 3:2. This seems to suggest that the buffer 
tank may not be necessary. 
 
Figure 3:2 The effect of small temperature fluctuations on the system pressure. 
 
3.3 Fluid properties estimation 
To produce an estimation of the likely degree of fouling using the Ebert and Panchal [27] 
model (see Chapter 2) it is necessary to have detailed fluid property values. In the early 
stages of the project, regrettably little information was available about the likely fluid 
properties. Thus the initial estimates of pressure drop and fouling rate were based on the 
freely available tabularised properties of engine oil from Incropera DeWitt [51]. Subsequent 
data were obtained with help from the Crude Oil Fouling Working Party, based on their 
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model for oil of various API values. Specifically, values for density, ρ; dynamic viscosity, μ;  
specific heat capacity , c;  and thermal conductivity, k, were obtained from the method 
developed by Boon Lin Yip (correlating the data obtained from several refineries and using 
these correlations to derive temperature-dependant relationships for crude oil physical 
properties as a function of API Index). In the following paragraphs, comparisons are shown 
between physical property values taken for engine oil and those derived from industrial 
correlations. For the purposes of the design calculations, comparisons are then made 
between the parameters predicted from both sources. Later on in the project, the density 
and viscosity values obtained from Petronas, suppliers of the actual crude to be used in the 
first experiments, have been used. In several cases, these values have been incorporated in 
some of the graphs for the case of constituent neat crudes that form the blend that will  
be used as the initial test crude. 
As an example of these procedures, Table 3:8 below, shows a set of properties obtained  
for API 24 index oil at temperature of 300 oC together with engine oil data obtained from 
Incorpera de Witt [51]. It may be noted that at this temperature, the fluid densities are  
in close agreement, as are the specific heat capacity and thermal conductivities. However, 
the dynamic viscosity of engine oil is much larger than the predicted viscosity  
of API 24 crude (0.87 cP compared to 0.33 cP).  
 
Table 3:8 API 24 index oil and engine oil properties.  
 Crude API 24 Engine oil [51]  
Temperature: 300 300 °C 
Density: 721 722 kg/m3 
Dynamic Viscosity : 3.3 10-4 8.7 10-4 kg/m·s 
Specific Heat Capacity : 2928 3083 J/kg·K 
Thermal Conductivity : 0.108 0.117 W/m·K 
 
In Figure 3:3 below, predictions for crude oils of different API indexes are shown and 
compared to the values of engine oil and the values for the various components of  
the Petronas blend. In this Figure, it may be noted that as the temperature increases, the 
fluid density decreases as may be expected. Also as the API index increases, the density  
is generally lower.   
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Figure 3:3 Density verus temperature changes for various oils. Blue line represents engine 
oil, black lines densities from Boon Lin Yip correlation for 24-45 API range and finally red 
lines represent density values for actual Petronas crude oils. 
 
Density changes with temperature follow a similar trend for all data sets. There are clear 
differences in the rate of change of density between engine oil values, the API model values 
and the Petronas data. While Engine oil appears to be a good approximation for lower  
API values (24 – 26) it fails to match the Petronas data for which the density values decrease 
with temperature more steeply. 
A plot of dynamic viscosity for the various fluids in the similar temperature range is shown  
in Figure 3:4.   
 
Figure 3:4 Dynamic viscosity verus temperature changes for various oils. 
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In this case, the discrepancies between the fluids are more apparent. Specifically  
the dynamic viscosity values for engine oil are much higher than those predicted using the  
API model and also the Petronas fluid data. The API model however agrees fairly well with 
the values for Petronas crudes, in most cases. It is worth mentioning that the API model  
is only an approximation and that the correlation does not necessarily give an accurate 
reflection of physical properties, especially at higher temperatures.  
 
Although it can be seen that that these predictions were not ideal, it should be emphasised 
that for the early phase of this project, this was the only data set available. This, of course, 
means that discrepancies for the density and viscosity prediction would have an effect on 
process condition predictions, as will be discussed below. 
 
3.3.1 Estimations for fixed Reynolds number 
Having provided the estimates for possible properties of the fluid used within the HIPOR 
facility, the likely hydrodynamic conditions and fouling deposition rate could be determined. 
In Section 3.3.1.1 the likely velocity encountered within the tubular and annular test section 
at fixed Reynolds number is described. Following that in Section 3.3.1.2, the pressure drop 
along the annular and tubular section is predicted. The fouling rates are then estimated 
using the Ebert and Panchal model, as described in Chapter 2. 
 
Using data for engine oil and the model described above (API indexes from 24 to 45 were 
chosen) estimations of the velocities, pressure drop and deposition rate were calculated for 
Reynolds numbers ranging from 5 000 to 25 000. In the following paragraphs, one set of 
conditions will be followed: 300 oC, API index of 24, and Reynolds number of 20 000. 
Matching procedures were completed for varying sets of conditions and some of them will 
be compared with the example one. Calculations were done for both annular and tubular 
test sections. 
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3.3.1.1 Velocity estimation for fixed Reynolds number 
In this Section, estimates of the likely velocities for the fixed Re condition are examined. 
First, the proposed annular geometry is considered, followed by predictions of the tubular 
geometry. Flow-rate calculations for the annular geometry are presented in Table 3:9 
below.  
Table 3:9 Flow-rate calculations for the annular geometry. 
OD inner tube (Di) 0.0213 m 
ID outer tube (Do) 0.0350 m 
Annulus dimension 0.0069 m 
Tube length 2  m 
Area outer pipe 9.67 10-4 m2 
Area inner pipe 3.58 10-4 m2 
Area Annulus 6.09 10-4 m2 
Wetted Perimeter (DH) 0.177 m 
Hydraulic Diameter (D) 0.0137 m 
 
For a given Re number mass flow-rate was calculated using the following equation:  
  3:3 
   
 ̇ 
  
 
 
where Reynolds number is a function of: 
- mass flow-rate, m 
- the dynamic viscosity of the fluid, μ 
- hydraulic diameter of the pipe, D 
- the pipe cross-sectional area, A 
 
In this case hydraulic diameter was calculated from equation: 
  3:4 
  
  
  
 
 
where the wetted perimeter is defined as 
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  3:5 
            
 
Using this relationship, the expected volumetric flow-rate and liquid velocity for the case of 
engine oil and API 24 oil at Re of 20 000 are summarised in Table 3:10. 
Table 3:10 Expected volumetric flow-rate and liquid velocity for the  
engine oil and API 24 oil. 
 Engine oil API = 24 and Re = 20 000  
Mass flow-rate  0.8 0.3 kg/s 
Volumetric flow-rate 1.0 10-3 4.0 10-4 m3/s 
Liquid Velocity 1.8 0.7 m/s 
 
In Figure 3:5, the dependency of velocity with API index for a range of Re numbers is 
plotted. From this Figure, it may be noted that the flow velocity generally decreased with 
Re, as would be expected. As the API value increased, the flow velocity within the test 
section generally decreased at a fixed value of Re number.  
 
Figure 3:5 Dependency of superficial velocity with API index for a range of Re numbers. 
 
Having performed predictions for the annular geometry, similar predictions for the tubular 
geometry are given below. 
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Calculations for the tubular geometry are summarised in Table 3:11 below, for the identical 
Re number case with both engine oil and API 24 oil. Mass flow-rate, volumetric flow-rate 
and superficial velocity of the fluid within the test sections are shown in the Table 3:12. 
Table 3:11 Annular section key dimentions. 
OD 33.4 mm 
ID 26.6 mm 
Tube length 2 m 
Pipe area 5.58 10-4 m2 
Wetted Perimeter (DH) 8.37 10
-2 m 
Hydraulic Diameter (4A/DH) 2.66 10
-2 m 
Table 3:12 Velocity estimation for the tubular geometry. 
 Engine oil API = 24 and Re = 20 000  
Mass flow-rate  0.36 0.14 kg/s 
Volumetric flow-rate 5.02 10-4 1.92 10-4 m3/s 
 1.81 0.69 m3/hr 
Liquid Velocity 0.9 0.34 m/s 
 
Figure 3:6 again shows the dependencies of superficial velocities for fixed Reynolds number 
plotted against the API index. This shows similar trends to those encountered in the 
previous section. 
 
Figure 3:6 Dependency of superficial velocities for fixed Reynolds  
number against the API index. 
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The graphs for both annular and tubular sections show that higher in-situ velocities are 
obtained for heavier crudes at 300 oC. Due to the geometry of the test sections, for a fixed 
Re number, flow-rates in the tubular section are generally lower than in the annular 
geometry by a factor of about 2. 
 
A key observation arising from these calculations is that, for the two proposed geometries 
and specified range of Re numbers, as well as using the physical properties predicted above, 
it seems improbable that the full range of velocities suggested in the Bennett et all [18] 
paper (up to 3 m/s) would be achievable.  
3.3.1.2 Pressure drop estimation 
Having determined the operating envelope for the likely velocity ranges in both the annular 
and tubular sections, it was possible to make estimates of the pressure drop along the test 
sections. Since both the test sections are arranged vertically, both gravitational and 
frictional components of pressure drop needed to be accounted for. 
 
The gravitational component of the pressure drop was calculated using following 
relationship: 
  3:6 
        
 
To obtain the value of frictional pressure drop the Fanning friction factor coefficient was 
obtained from a formula used by Taitel and Duckler [139] for the turbulent regime: 
  3:7 
              
 
This friction factor when in laminar regime is equal to: 
  3:8 
  
  
  
 
 
 
94 | P a g e  
 
Then, from the pressure loss form of Darcy – Weisbach equation, the frictional pressure 
drop was calculated:  
  3:9 
      
 
 
   
 
 
 
where the pressure loss due to friction Δp is a function of: 
L/D  -  the ratio of the length to hydraulic diameter of the pipe,  
ρ  -  the density of the fluid,  
V  -  the mean velocity of the flow,   
4f  -  the Darcy – Weisbach friction factor is 4 times larger than the Fanning friction factor 
 
In Table 3:13 below sample results are presented for the various pressure drop cases 
obtained using engine oil and API 24 fluid properties.  
Table 3:13 Pressure drop values in annulus for engine oil and API 24 oil for a Re of 20 000. 
Pressure drop for annulus  Engine oil API = 24   
Fanning friction factor 0.006 0.006  
Pressure drop – frictional  4070 590 N/m2 
Pressure drop – gravitational  14170 14150 N/m2 
Pressure drop – total 18230 14750 N/m2 
Pressure drop – total  0.182 0.148 bar 
 
From this Table, it may be noted that the gravitational component is approximately  
the same in both cases. However, although the friction factors values are similar, the 
frictional pressure drop for the case of engine oil is almost a factor of 10 larger than the API 
24 model fluid. This means that the total pressure drop is significantly higher in the case of 
engine oil. These discrepancies are due to the large differences in fluid viscosities between 
the engine oil and API 24 fluid.  
 
In Figure 3:7, the overall predicted pressure drop is shown for a range of Re number 
conditions and for a variety of API values. 
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Figure 3:7 Predicted pressure drop for a range of Re number conditions and for a variety 
of API values 
 
From this Figure, it may be noted that the pressure drop increases as Re number increases, 
and also that pressure drop decreases as API index increases.  
 
In a similar way to that presented earlier, calculations have been performed for the tubular 
test section. In Table 3:14 , the various components of the pressure drop for the case  
of engine oil and API 24 fluid are shown. 
 
Table 3:14 Pressure drop values in tube for engine oil and API 24 oil for a Re of 20 000. 
Pressure drop for tube Engine oil API = 24   
Fanning friction factor  0.008 0.008  
Pressure drop – frictional  560 80 N/m2 
Pressure drop – gravitational  14170 14150 N/m2 
Pressure drop – total 14720 14230 N/m2 
Pressure drop – total  0.147 0.142 bar 
 
As in the case of annular geometry, gravitational components are similar in value. Again, the 
frictional pressure drop for engine oil is significantly larger than for the API 24 fluid. 
0.11
0.12
0.12
0.13
0.13
0.14
0.14
0.15
0.15
0.16
20 25 30 35 40 45 50
P
re
ss
u
re
 D
ro
p
 (
b
ar
) 
API 
Re = 5000
Re = 10000
Re = 15000
Re = 20000
Re = 25000
96 | P a g e  
 
In Figure 3:8, a plot of pressure drop against API index is shown over a range of Re number, 
as in the annular case. Due to lower velocities within the tubular section, the frictional 
component is even less significant than in the annular geometry case, as may be noted by a 
comparison with Table 3:13. 
 
Figure 3:8 Pressure drop against API index over a range of Re number 
 
For the tubular section, the liquid velocities are generally lower at a fixed Re value, so that 
the variation in total pressure drop is less significant than in the annular geometry case. 
Again, pressure drop at a fixed API value increases with the increase in Re number, and the 
pressure drop for a fixed Re decreases with the increase of Re value. 
 
3.3.1.3 Ebert and Panchal model estimations 
Having predicted the expected pressure drops for the various flow conditions, this section 
will now examine expected rates of fouling.  
 
The Ebert and Panchal model [27] can be used to predict tube side fouling conditions for 
crude oil and is expressed as a competition between deposition and removal terms (in units 
of m2K/W/s): 
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  3:10 
   
  
        ( 
 
   
)      
 
where α, γ, β and activation energy E are adjustable parameters and would be expected to 
vary between crude oils. However, in this estimation, parameters as defined by Ebert and 
Panchal were used, whatever the origin of the crude. The first term of the equation 
incorporating Reynolds number is the temperature dependant deposition term; the second 
term, dependent on shear stress at the wall, represents removal. 
 
Deposition term 
 
In this subsection the deposition component of the Ebert and Penchal model [27] is 
considered.  
Table 3:15 summarises typical values expected for the various deposition terms.  
Table 3:15 Ebert and Panchal parameter values. 
Eact 68 kJ/mol 
R 8.31 10-3 kJ/mol K 
β -0.88 - 
α  8.39 (m2K/W)/s 
γ 4.03 10-11 (m2N)(m2K/W)/s 
 
In Figure 3:9, the deposition term is plotted against API value for the annulus geometry for a 
range of Re values at Tf of 300 ˚C. 
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Figure 3:9 Deposition term at Tf of 300 ˚C for the annulus against API value for the annulus 
geometry for a range of Re values. 
 
Since the values used in the case of tubular geometry for the Ebert and Panchal [27] model 
deposition term are identical to those used in the annular case, it was not necessary to plot 
this term again. As shown in Figure 3:9, the deposition term exhibits a constant linear 
relationship for a fixed Re over a range of API values, which was expected due to the nature 
of the deposition term. The overall deposition rate increases as the Re number decreases, 
due to the increase of the removal term, which is shown in more detail below. 
 
Removal term 
 
In this subsection, removal terms are considered for both annular and tubular geometry.  
The wall shear stress    included in the removal term is linked to bulk velocity through the 
friction factor, as shown below: 
  3:11 
   
 
 
     
 
In Figure 3:10, the removal rate is plotted against API value for a range of fixed Re 
conditions. 
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Figure 3:10 Removal term for the annulus against API value for the annulus geometry for a 
range of Re values. 
 
From this plot, it may be noted that removal rate of deposit increases with the increase of 
the Re number for a fixed value of API index. The removal rate generally decreases with 
increasing API value at a fixed Re. However at larger Re numbers this effect is more 
pronounced. 
 
In Figure 3:11 below, the equivalent plot is shown for a tubular geometry. This shows very 
similar trends to those presented for the annular geometry. 
 
Figure 3:11 Removal for the tube against API value for the annulus geometry for a range of 
Re values. 
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Results obtained for the removal term in the tubular test section show that this term is even 
less significant than in the annular case, due to generally lower shear stress values.  
The removal term is increasing with the Reynolds number (and therefore increasing shear 
stresses on the wall) for a fixed API index, which was expected as well. 
 
In Table 3:16, estimated values for the deposition rate, removal rate and overall fouling rate 
are shown for the case of API 24 crude, with both the annular and tubular geometries,  
at a range of Re numbers. 
Table 3:16 Ebert and Panchal model 
Re Deposition 
for annulus 
(m2K/W)/s 
Removal for 
annulus 
(m2K/W)/s 
dRf/dt  
 
(m2K/W)/s 
Removal for 
tube  
(m2K/W)/s 
dRf/dt 
 
(m2K/W)/s 
5 000 2.95 10-9 3 10-12 2.94 10-9 9 10-13 2.95 10-9 
10 000 1.60 10-9 1 10-11 1.59 10-9 3 10-12 1.60 10-9 
15 000 1.12 10-9 2 10-11 1.10 10-9 6 10-12 1.11 10-9 
20 000 9.00 10-10 4 10-11 8.30 10-10 1 10-11 9.00 10-10 
25 000 7.00 10-10 6 10-11 6.54 10-10 1 10-11 7.00 10-10 
 
Due to the removal rates being a minimum of one order of magnitude smaller than 
deposition rates, the overall fouling rate relationship is dominated by the deposition rate.  
The overall fouling rate is plotted against API index for specified Re numbers in the annular 
geometry. In this case, it may be noted that this rate is fairly constant over the range of API 
values studied. Resulting changes in the overall rate with increasing Re number are due to 
the increasingly larger removal term, attributable to increasing shear stresses.  
Finally, for illustrative purposes, the relationship of fouling rate, at given Re numbers,  
with API index for the annular geometry were gathered in Figure 3:12. It is worth noting that 
the values of overall fouling coefficient shown are almost independent from the API index 
(this conclusion follows on from the estimated constant deposition rate being orders of 
magnitude bigger than the removal rate). 
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Figure 3:12 Fouling rate, at given Re numbers, against API index for the annular geometry. 
 
Having calculated the likely fouling rate, it was then possible to estimate the time required 
for a 10% increase in heat transfer resistance to occur during a run and, subsequently,  
the resultant fouling thickness. To be able to perform this estimation, the heat transfer 
coefficient for a clean pipe first had to be calculated using following formula: 
  3:12 
    
  
 
 
where: 
kf – thermal conductivity of the liquid, 
Nu – Nusselt number; which was calculated from Dittus – Boelter correlation applicable 
when forced convection is the only mode of heat transfer.  
  3:13 
                   
 
The Prandtl number (Pr) which is a dimensionless number relating the ratio of momentum 
diffusivity (kinematic viscosity –  ) to thermal diffusivity ( ) may be obtained through 
following relationship: 
  3:14 
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Pr number is therefore a function of: 
dynamic viscosity, μ 
thermal conductivity, k 
specific heat capacity, cp 
 
Using the calculated heat transfer coefficient, and assuming the fouling resistance R to be 
equal to zero for a clean system, the overall heat transfer coefficient Uclean was therefore 
equal to h obtained using the following relationship: 
  3:15 
 
      
 
 
      
   
 
Subsequently U90% (0.9 of Uclean) was used to estimate the value of resistance which led to 
calculation of the time needed for this resistance to build from a simple relation 
  3:16 
  
 
  
 
 
Using the value of resistance for a 10% decrease in the overall heat transfer coefficient, U,  
a deposit thickness, x, could then be calculated, assuming thermal conductivity k of the 
deposit to be equal to 0.75 W/mK  [126], from relationship: 
  3:17 
  
 
 
 
 
Results of those calculations are gathered in Figure 3:13 below for the annular geometry. 
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Figure 3:13 Time needed for the 10% reduction in overall heat transfer coefficient. 
 
Figure 3:13 shows the time expected for a 10% reduction in overall heat transfer coefficient 
to occur, due to fouling deposit build-up, as a function of API value, at several Re numbers. 
It is worth remarking at this point that the there are differences in estimated time periods 
for various API indexes, which originate from fixing a constant 10% reduction in overall heat 
transfer coefficient U, even though the overall fouling rates for these API indexes were 
found to be almost identical, as shown previously in Section above. When looking at the  
U values for this system, the value decreases with increase in API index as a result of 
changes of heat transfer coefficient h with changing API. The heat transfer coefficient h 
changes due to Pr changing significantly in the Equation 3:13. For the cases considered,  
the value of U is examined for the 10% reduction from the clean U, and since the clean U 
value changes, the fouled U changes proportionally with API for a fixed net deposition rate.  
This means that time needed to achieve the desired degree of fouling changes with  
API value as well. 
 
From the Figure 3:13, it may be noted that approximately 2.5 days would be necessary at Re 
of 20 000. Generally, as Re increases, the time necessary for a 10% reduction in heat 
transfer increases. As the API increases at a fixed value of Re the predicted time also 
generally increases; however, for Re of 25 000, there appears to be a minimum at an API 
value of 32. 
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In Figure 3:14, the corresponding deposit thickness is plotted as a function of API value. 
From this Figure it may be noted that estimated deposit thicknesses varied from 0.14 mm  
to 0.54 mm. As Re number increases for a fixed value of API, the deposit thickness increases 
slightly. At fixed API values, deposit thickness increases significantly with decrease of the  
Re number, which agrees with the previously considered relationships of fouling rates for 
various API indexes. 
 
Figure 3:14 Annular geometry - deposit thickness against API index for given Re numbers. 
 
It must be emphasised that these values are merely guidelines for design purposes, since 
many approximations were required due to the lack of real data. These estimations were 
helpful, however, in determining the expected operating envelope of the HIPOR facility. 
Since these experiments were for a pilot scale facility there exists a limitation on the volume 
of crude oil that can be used. These calculations have been used in the previous  
section 3.2.3 to estimate asphaltene depletion rates during the course of a run, and hence 
the degree of depletion in the fixed volume of oil recirculated. 
 
An identical procedure was followed for the tubular geometry, giving following results.  
In Figure 3:15, the time necessary for the 10% reduction in overall heat transfer coefficient 
is plotted in similar fashion as for the annular case. 
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Figure 3:15 Tube geometry - time necessary for the 10% reduction in overall heat transfer 
coefficient. 
 
This plot, as expected, shows similar trends to those encountered in the annular geometry. 
However, generally the time necessary for the reduction in overall heat transfer coefficient 
is larger in the tubular section than in the annular section, which follows on logically from 
previously established dependency of fouling rate on API. This is caused by variations in the 
removal terms created by different shear stresses between the two systems. 
 
 
Figure 3:16 Tubular geometry - deposit thickness against API index for given Re numbers. 
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Figure 3:16 shows the corresponding deposit thickness for the tubular geometry case.  
This again shows similar trends to those predicted for the annular geometry. The expected 
deposit thicknesses are generally slightly larger in the tubular case. This is due to lower 
shear stresses anticipated in this geometry. As illustrated in the Figures above, the time 
needed to produce fouling deposits of similar thickness (+/- 0.1 mm) in the tubular test 
section is generally comparable with the annular example and ranges up to 3 days. 
3.3.2 Estimations for fixed velocity cases 
Since the initial Bennett et al. [18] paper recommended consideration of a specific range of 
velocities, this subsection considers the expected pressure drop and fouling rate terms at 
several fixed velocities. 
3.3.2.1 Annular geometry  
Figure 3:17 shows the expected Re number as a function of API index in the annular 
geometry at five different velocity conditions.  
 
Figure 3:17 Annulus – Reynolds number against API index. 
 
Following a similar methodology to that used in the fixed Re number predictions, the 
various parameters are plotted and their relationships discussed below.  
 
0.00E+00
2.00E+04
4.00E+04
6.00E+04
8.00E+04
1.00E+05
1.20E+05
1.40E+05
1.60E+05
20 25 30 35 40 45 50
R
e
yn
o
ld
s 
n
u
m
b
e
r 
(-
) 
API 
Velocity = 1.0
Velocity = 1.5
Velocity = 2.0
Velocity = 2.5
Velocity = 3.0
107 | P a g e  
 
Figure 3:18 shows estimates of the overall pressure loss along the test section as a function 
of API index, at several fixed velocity values. 
 
 
Figure 3:18 Annulus - pressure loss along the test section as a function of API index. 
 
Due to a decrease in density with increasing API number, both the gravitational and 
frictional part of the pressure drop decrease for a fixed linear flow velocity. Higher velocities 
impose higher values of the estimated frictional pressure drop part, resulting in the increase 
of the overall pressure drop for a fixed API index. 
 
As Figure 3:17 shows, the Reynolds numbers in an annular geometry reach values  
up to 130 000, in the case of high API numbers, at fixed superficial velocity of 3 m/s.  
Using the five specified velocity conditions, values of predicted fouling rate were calculated 
from the Ebert and Panchal model; results of which are plotted in Figure 3:19. 
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Figure 3:19 Annulus - predicted fouling rate against API index. 
 
From Figure 3:19, it may be noted that the fouling rate generally decreases with increasing 
API, at a fixed velocity. The fouling rate also increases considerably with a decrease in the 
velocity, for a fixed API value. In comparison with the fixed Re number case, the deposition 
term now varies for different API values, due to changes of the Re number. 
 
Consequently, decrease of the fouling rate with increase in velocity, and increasing API 
index, adversely effects the time period needed for a 10% reduction in the overall heat 
transfer coefficient due to fouling and thickness of deposited layer. In Figure 3:20,  
the corresponding deposit thickness relationship is shown. 
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Figure 3:20 Annulus – estimated deposit thickness for various API index oils. 
 
A comparison of this Figure 3:20 with Figure 3:14 for the fixed Re number cases, shows 
considerable differences in the predicted thickness of the obtained deposit. This is caused 
by the Re number corresponding to the velocity range predicted earlier, in Figure 3:5,  
being much lower than those used in current Figure 3:20. 
 
Not only is the estimated thickness of the deposit now below 0.1 of a millimetre, but time 
needed for the build-up of this layer is significantly longer, for higher velocities.  
This is illustrated in Figure 3:21 below, which depicts time necessary to provide 10% 
reduction in overall heat transfer coefficient for the range of velocity cases considered. 
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Figure 3:21 Annulus - time necessary to provide 10% reduction in overall heat transfer 
coefficient at various superficial velocities. 
 
It may be noted from Figure 3:21 that for the higher velocity cases, a very long time would 
be necessary for even small deposit thicknesses to build up. Such slow rates are probably 
impractical from an experimental point of view. The horizontal line in Figure 3:21 represents  
a period of seven days, the maximum likely duration of an experiment. It is thus evident that 
only velocities of around 2.5 m/s, or less, provide for realistic experiment times. 
3.3.2.2 Tubular geometry 
In this subsection, similar plots to those presented for the annular case are shown.  
As shown in Figure 3:22 below, in the instance of the tubular test section, values of  
Re number are even greater for higher API indexes for a fixed linear velocity value.  
The maximum value, occurring for an API of 45 and velocity of 3 m/s, is around 252 000. 
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Figure 3:22 Tube section – Reynolds number against API index. 
 
In keeping with the previously established procedure, overall pressure drop values were 
then estimated for the tubular test section. 
 
 
Figure 3:23 Tube section - pressure loss along the test section as a function of API index. 
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Figure 3:23, shows that the same relationship is established for fixed velocity conditions at 
different API values; e.g. for a velocity of 3 m/s at a fixed API of 24, a value  
of 0.18 bar is obtained. This compares to the 0.24 bar predicted for the same parameters  
in the annular geometry case. 
 
The relationship of Re for fixed velocities shown in Figure 3:22 transfers, in turn, to the 
fouling rates predicted in Figure 3:24. For velocities of 2.5 m/s and higher, the estimations 
of the Ebert and Panchal model result in negative fouling rates (due to high very high 
removal rate at high stresses) making the models predictions unusable for these conditions. 
The low velocity conditions follow similar trends to those established for the annular case; 
the only difference being that overall fouling rate values are lower for specified superficial 
velocities. 
 
 
Figure 3:24 Tube section - predicted fouling rate against API index. 
 
The fouling rate estimation procedure has then been used in the annular case, to estimate a 
predicted thickness of the deposited layer. Results of these calculations are plotted in  
Figure 3:25 below. 
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Figure 3:25 Tube section – estimated deposit thickness for various API index oils. 
 
As expected, due to much higher shear stress values, the Ebert and Panchal [27] model 
shows the estimated deposit layer to be substantially smaller compared to the fixed  
Re number scenario. Estimated thickness ranges from 0.03 mm to 0.07 mm depending  
on the other parameters. 
Due to negative fouling rates obtained for the two higher velocities, only the lower velocity 
cases were considered in the estimation of experimental time period. 
 
Figure 3:26 Tube section - time necessary to provide 10% reduction in overall heat transfer 
coefficient at various superficial velocities. 
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Again the horizontal line represents a period of one week of continuous running and,  
as illustrated in Figure 3:26, sensible estimates are achieved only for velocities in the range  
of 1.5 m/s, or less. 
3.4 Power supply sizing 
Having estimated the fluid properties and fouling rates for the HIPOR facility the next key 
design consideration was  to estimate the amount of heating required for test purposes.  
In order to size the power supplies to be used on the test sections, the subsequent 
procedure was followed. In the sample calculations that are included, only the tubular test 
section was considered because this needed higher power requirements due to its physical 
parameters, specifically a larger wall thickness than that of the annular test section. 
 
Due to unanticipated problems with the project (the need to replace original power supplies 
with a lower rated set, available from another facility) some limitation of available/required 
power supplies was imposed. Preliminary tests on the test section chosen in the initial phase 
of the project, when using the replacement power units, showed that some modifications 
were required. Specifically, small changes in the test section design were implemented,  
in particular, the inner tubing used in the final annular design had a reduced wall thickness 
of 1.65 mm, compared 3.38 mm in the original. Although the tube wall thickness was 
changed slightly, the flow area was kept as close to the initial design value as possible 
(5.58 10-4 m2 compared to 5.68 10-4 m2). 
 
Having established a schedule of the pipe to be used for the tubular test section the 
resulting final product was of dimensions gathered in the Table 3:17. 
Table 3:17 New tubular section key parameters. 
Nominal Bore 1 in 
Pipe Outer diameter 30.20 mm 
Pipe thickness 1.65 mm 
Pipe inner diameter 26.90 mm 
Length 1.74 m 
Area inside 5.68 10-4 m2 
Surface Area 1.65 10-1 m2 
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Using this test section dimensions the following equation was used for calculation of the 
test section resistance (R):  
  3:18 
   
 
 
 
 
Where   is the resistivity of the material – for carbon steel 2 10-7 Ω/m [140]; l is the length 
and A the tube wall cross section area. For the geometry given in the Table  it gave a  
value of 2.49 10-3 Ω. 
 
Having determined the resistivity and hence resistance of this section, the heat load 
calculations were performed for a fluid with properties summarised in the table 3:18 below 
 
Table 3:18 Fluid properties assumed for heat load calculations 
Fluid Density 721 kg/m3 
Viscosity 3.30 10-4 Ns/m2 
Heat capacity  2.93 kJ/kg·K 
 
The equation for the heat balance is given below, where the amount of energy transferred 
into the fluid (Q) is given by the product of mass flow-rate (m), the specific heat capacity  
at constant pressure (Cp) and the temperature rise of the fluid during passage along the test 
section (   . The power supplies could be sized. 
  3:19 
        
 
In Figure 3:27 below, the heat loads necessary at fixed values of temperature increase are 
plotted as a function of superficial velocity. From this Figure 3:27, it may be observed that 
the overall heat load increases with increasing superficial velocity, for a given temperature 
increase. Additionally, at a fixed velocity value, the required heat load increases with the 
temperature increase, as might be expected. High superficial velocity values necessitate 
substantial amounts of heat, up to 12 kW, for a 5 oC temperature increase to be achieved. 
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Figure 3:27 Required heat loads at fixed values of temperature increase as a function of 
superficial velocity 
 
 
The heat flux is calculated using the following relationship between heat load and wall 
surface area, A: 
  3:20 
  
 
 
 
 
Similar trends are observed between the heat flux and heat load plots, as can be seen 
 in Figure 3:28 below which shows imparted heat flux as a function of superficial velocity at 
various temperature increase values. 
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Figure 3:28 Heat flux as a function of superficial velocity and temperature increase 
 
For the maximum temperature increase considered, and a maximum velocity in the region 
of 2 m/s, a heat flux of around 65 kW/m2 is required. Therefore the operating range initially 
considered for the HIPOR facility (a velocity of around 1.5 m/s as established in the previous 
section and a maximum heat flux of 100 kW/m2) is shown to be realistic.  
 
Having established values of heat flux for a range of conditions, it is possible to calculate  
the corresponding values of electrical current that a power supply unit would need  
to provide.  
 
The current requirement is calculated using following relationship 
  3:21 
      
 
The resultant current requirement is plotted as a function of superficial velocity  
and temperature increase in Figure 3:29. 
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Figure 3:29 Current requirements as a function of superficial velocity. 
 
It may be observed that the necessary current increases with the flow velocity for a fixed 
temperature increase; similarly it increases, for a given velocity, with rising temperature 
increase. These plots are nonlinear due to the I2 power dependency. This Figure 3:29 shows 
that a power supply delivering around 1 000 A would provide sufficient heating to achieve a 
temperature rise of only 2 oC  in the oil as it traverses the test section. 
3.4.1 Heat losses from the test section 
To check if the power supply is adequate for its intended purpose, an estimation of heat 
losses from the tubular test section, due to natural convection and radiation,  
was performed. The heat loss values obtained from these calculations were then compared 
with the heat generation due to Joule heating. 
3.4.1.1 Losses due to natural convection 
The ambient temperature of the rig surrounding was assumed to be 25 oC. For the 
calculation of natural convection losses from the test section, a relationship involving 
Grashof number (Gr), Prandtl number and Rayleigh number (Ra) was employed:  
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and  
  3:24 
        
 
Various dimensionless empirical relations have been developed for description of heat 
transfer from bodies of different geometry and orientation in space. In this case, a set of 
correlations developed by Churchill & Chu [141] for the space-mean Nusselt number (Nu) 
for all Ra and Pr were used. 
 
To calculate a length-mean Nusselt number for the laminar regime, where the Rayleigh 
number is smaller than 109, the following equation can be used in the case of a vertical 
plate: 
  3:25 
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From this equation, a value of NuL was obtained which was then used in the following 
relationship: 
  3:26 
    
      
 
 
 
For the case of a vertical plate, with a Rayleigh number varying within the range  
from 104 to 1013 , thus covering both the laminar and turbulent flow zones, a different form 
of this relationship was used: 
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It is possible to extend the use of these vertical plate relationships to the calculation of the 
mean heat transfer for the case of vertical cylinder, with the proviso that the boundary layer 
thickness (H) is much smaller the diameter of the cylinder (D) [142]. 
  3:28 
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Eventually, the heat loss due to free convection can be established from: 
  3:29 
                     
Where Ts is the surface temperature of the object and T  is the temperature far from the 
surface. 
Acquired in this manner values for       for a range of temperatures are gathered in  
the table 3:19: 
Table 3:19 Heat loss due to free convection for a range of temperatures. 
Twall (
oC) Heat loss by convection (W) 
100 3 
200 7 
300 13 
 
3.4.1.2 Heat losses due to radiation 
To establish radiation losses from the test section, values of emissivity for both oxidised  
and unoxidised steel were necessary. Emissivity values used are gathered in Table 3:20. 
Table 3:20 Values of emissivity for both oxidised and unoxidised steel [51]. 
Material Temperature (oC) Emissivity 
Steel, Unoxidised 100 0.08 
Steel, Oxidised 25 0.80 
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Calculations were performed for both cases and heat loss by radiation was calculated from 
the formula: 
  3:20 
            
    
   
 
where   represents the Stefan-Boltzman constant of value 5.67 10-8, and   stands for the 
emissivity of the material. Two values of emissivity were considered. The degree of tube 
wall oxidisation is likely to be high in the actual experiment, given the high wall 
temperatures and long heating times involved. 
 
To calculate of total heat losses from the test section value for oxidised steel was used 
representing worst case scenario. 
 
The resulting values for combined heat losses from tubular test section assuming ambient 
temperature to be 20 oC are gathered in Table 3:21. 
Table 3:21 Combined heat losses from tubular test section. 
Temp Heat loss by convection (W)  Heat loss by radiation (W)  Total heat loss (W)  
100 3 109 112 
200 7 402 410 
300 13 952 965 
 
The values calculated at the various temperatures given in the Table indicate that the 
radiative heat loss is the dominant term. This is a desirable outcome since it implies that the 
heat loss is uniform over the test section and, thus, the test section temperature  
is reasonably constant. The anticipated, mainly radiative, heat loss of around 1 kW is 
tolerable when considered against the desired Joule heating power requirements  
of 10 – 20 kW, derived from the power supply sizing calculation shown previously. 
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Chapter 4 
4 Safety considerations 
 
In this Chapter, the main safety considerations such as potential hazards will be discussed, 
as well as standard operating procedures. The two main objectives of this Chapter will 
therefore be: 1] to set up a systematic approach to the safe operation of the facility;  
and 2] to demonstrate that adequate safety measures have been implemented. The safe 
operation of the rig presents significant challenges because of the coupled effect of crude oil 
in a high temperature and pressure circuit, high current electrical heating, and pumps and 
other electrically operated equipment in an enclosed environment. It is also important to 
look at the safe operation from the issue of correct operation of the machinery and other 
equipment. Some of the equipment can only be operated in a specific way. When one adds 
the issue of an urban setting, then one sees that there are inherent dangers and it is 
paramount that the procedures are followed during routine operation and during 
emergency shutdowns. 
4.1 Safety case 
In order to achieve these objectives, it is necessary to identify all potential hazards of the 
equipment and all the targets which could be harmed. The interaction of the hazards and 
targets must be then evaluated to enable identification of aspects of the equipment and its 
operation which require consideration. This kind of assessment needs to quantify the hazard 
levels to which possible targets are exposed. It should also be remembered that in the 
context of an experimental research programme such assessment can prove to be 
particularly difficult because of the novelty involved. It is essential for objective assessment 
to be made of any future changes and their impact, as far as is possible at the outset. It 
must be emphasised that the safety case for such a novel facility should aim at the 
protection of the identified targets to an acceptable level of safety. 
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Not only high priority interactions should be considered, but also any related decisions in 
terms of the design, manufacture, fitting or operation of the rig. Any future modifications 
and repairs should be updated and checked against the safety case as the project advances, 
to ensure that any equipment and operational changes resulting from experimental 
evaluation are included. 
This requirement for a safety case that could develop with the research resulted in the 
generic safety case which sets out the information concerning the equipment and 
associated hazards. This generic safety case makes an explicit statement that has been 
updated as further operational safety cases have been assembled and approved. 
The generic safety case document for HIPOR facility has been edited with input from the 
Departmental Safety Consultant. It first sets out the objectives of the research project and 
identifies and classifies the targets. The six identified categories are: 
1. The environment 
2. The surrounding buildings 
3. The equipment 
4. Employees involved in the construction, testing, commissioning and maintenance of 
the facility 
5. The employees involved in the operation of the equipment during experimental runs 
Potential hazards had to be identified in order to assess the amount of protection required 
by each target. As anticipated in the HIPOR facility, hazards are inherent and were present 
during each of the stages leading to its completion (manufacture, fitting, commissioning and 
operation phases). The safety case document categorises following hazards: 
1. Explosion 
2. Fire 
3. Unignited releases 
4. Mechanical 
5. Nuisance 
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Having established each of the mentioned categories it was possible to form the logical 
basis for an in-depth analysis of the interaction between them. To provide an indication of 
the seriousness of the selected hazard for a given target, a grading system was introduced 
(*low, **medium and ***high). This system represented not only the extent of  
the consequence, but also the chances of the interaction occurring. This subjective 
assessment was used to identify the critical safety issues, leading to the detail of the 
implementation of the safety approach. 
The generic safety case contains the safety requirements for the design and construction  
of the facility, detailing the studies carried out to provide safe design and operation.  
In addition, the methodology by which documents and records are checked, stored and 
accessed are set out, so that activities which rely on equipment safety are mistake-free,  
as much as possible. It also ensures that that the safety constraints placed on the design and 
manufacture of equipment are correctly accounted for in future modifications.  
In addition, the practical activities, such as pressure testing, carried out to ensure the 
equipment is adequate for its purpose are being recorded. 
Four main aspects have been considered in the safety case to detail the safety requirements 
for the operation of the facility. First, studies have been carried out to provide safe 
operation; this led to development of a Standard Operating Procedure. Second,  
a methodology has been developed to identify which documents are handled and which 
documents are necessary for day-to-day operation. Third, necessary measures (such as 
inspection and maintenance) required for practical confidence in equipment operation have 
been identified.  Finally, a safety management scheme for the research project has been 
developed, specifying how the proposed safety methods would be organised during  
the course of the project. 
The day-to-day controls specified for the research project strongly affect the safety 
management. In the case of the HIPOR facility, controls were implemented at two levels:  
 Authorisation and notification forms for daily operation 
 An operational safety case for each new combination of experimental programme 
125 | P a g e  
 
The former requires the operator to specify each day’s operation and to agree the content 
with the supervisor on daily basis. The latter forces an operator to consider the safety 
aspects of the operation of the rig prior to a programme of work. This operational safety 
case defined the operation of the rig including the experimental programme, staffing,  
and equipment and operations procedures. The second section demonstrated the reasoning 
behind the choice of operational requirements and thus demonstrates the rationale used to 
make decisions with regard to safe operation. 
The second section builds on the generic safety case hazard/target interaction work. Table 
4:1 shows, for example, interactions pertinent to high pressure and temperature 
experiments. These interactions are used to highlight a number of attributes in a systematic 
manner. These attributes provide indicators associated with many aspects of the rig 
operation and are used to identify the key requirements for the safe operation of the rig. 
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Table 4:1 Hazard/target interactions 
 Explosions Fires Unignited releases Mechanical Nuisances 
 
1 Internal 
explosions 
2 External 
explosions 
3 Vapour 
fires 
4 Liquid 
fires 
5 
Contamina-
tion 
6 Pollution 7 Projectiles 
8 Falling 
objects 
9 Noise 10 Pollutant 
A 
Environment 
- - - - * * - - * * 
B Buildings ** ** * ** * * - - - - 
C Equipment *** ** ** *** * * * ** - - 
D Public *** *** ** *** * * * * * * 
E Employees *** *** ** *** ** ** ** *** * * 
F Operators *** *** *** *** ** ** *** ** ** ** 
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4.2 Standard operating procedures 
In the following subsection, the Standard Operating Procedures will be discussed with 
regards to possible failures. Precautions taken to remedy such occurrence will also be listed. 
As noted previously, the safe operation of this rig presents significant challenges because  
of the coupled effect of crude oil, high temperature and pressure in an enclosed 
environment. It is also important to look at the safe operation from the perspective of 
correct machinery and equipment operation. Some of the equipment can only be operated 
in a specific way. The safe operation of the test facility involves following the guidelines 
listed below. 
Key aspects taken into account in terms of safety considerations were instances  
of catastrophic failure such as vessel or full bore joint rupture; leaks originating in pipe joints 
or valve stems/seats; control failure either of hardware or software origin which would 
include equipment malfunction (e.g. stuck valves); service failure such as electrical, 
pneumatic or nitrogen supply, and finally human error, e.g. operation of an incorrect valve. 
4.2.1 Pre-operation checks  
Before starting any experimental work on the facility (which flow diagram is shown  
in Figure 4:1), a couple of preliminary checks have to be done to assure its safe operation: 
a) Check that the form for authorisation of the day's operation is complete.  
The forms must be completed in advance.  
b) Inspect for damage and for people working on the facility.  
c) Check that the Departmental compressed air supply is available.  
d) Check that the chiller is functioning properly and its tank is filled sufficiently 
e) Open the manual valves to/from the chiller water supply and nitrogen 
generator.  
f) Switch on control electronics and computers 
g) Check that the system is working by opening and closing computer operated 
control valves V3 and V22 (coupled) as well as V10, V15 and V17 
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Figure 4:1 Schematic flow sheet of a test facility 
 
4.2.2 Commissioning and start-up procedure 
A series of commissioning runs has been carried out to check for faults and leaks and to test 
that the control and data acquisition system is working appropriately. ParathermTM has been 
introduced into the tank at ambient temperature as part of the commissioning process. 
Nitrogen is then pumped into the tank space above the ParathermTM in an operation to 
flush oxygen from the whole circuit. This process must be repeated at least twice to ensure 
that the atmosphere in the tank is as oxygen free as possible. The tank is then pressurised 
with nitrogen using either the nitrogen generator or a dedicated nitrogen cylinder. 
Subsequently valves V1, V3 and V4 are opened and the oil is fed into the suction of the 
canned motor pump M1. Valves leading to Compabloc exchanger EX1 (V6, V7, V10, V11)  
are then opened. Valves V33 and V34 are then opened to allow the ParathermTM into 
exchanger EX2. ParathermTM is fed into pump M2 by opening valve V33 and V34.  
Then the canned motor pump M2 is switched on first and pump M1 just after. These canned 
motor pumps must never be allowed to run dry, otherwise damage will occur. To mitigate 
against damage to the pump due to dry operation, an electrical dry run protection relay has 
been installed. Valves V17, V20 and V22 (or V13, V16 and V22 in the case of annular test 
section) are then opened to complete the cycle. The system is left to run to test for leaks 
and any other possible failures. The ParathermTM has been heated to a variety of 
temperatures ranging from ambient to 300 oC. Heating the system to elevated temperature 
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pressurises the system further. Initially, the aim has been to pressurise the system to about 
15 bar(g) for the first commissioning tests and then to increase the maximum pressure 
reached in the system by 5 bar(g) intervals in subsequent tests. Again the aim has been to 
check for any faults and leaks. At the end of the commissioning process, ParathermTM is 
drained. 
4.2.3 Start-up with crude oil 
The commissioning run procedure with crude oil at ambient temperature follows a pattern 
similar to that used with ParathermTM. First crude oil is pumped into the tank, after the 
nitrogen flushing process. As in the previous case, first the cooling loop with pump M2  
is started and only then the main pump M1 will be switched on, thus allowing the rest of the 
loop (i.e. test sections) to be filled with crude oil. Then the tank is flushed and then 
pressurised with nitrogen to a desired value. ParathermTM in the secondary loop (cooling 
loop) is already in the system from the commissioning as already described in the preceding 
section. Following that, the test sections should be isolated and crude oil pumped only 
through the Compabloc exchanger Ex1 while the tank heater is turned on. The crude should 
be warmed up slowly which will further pressurize the tank. This should also allow for the 
system to reach the desired test temperature without any interaction of hot oil with the test 
surfaces. Only then the hot crude oil should be introduced gradually into the test sections. 
The Start-up must be gradual and smooth. Flow rates adjustments should be slow to avoid 
hydraulic shock. Start-up should be progressive and the heating rate should not exceed  
30 oC/h to avoid thermal shocks or unnecessary stress on the unit. At the beginning, the aim 
has been to heat the crude oil to about 100 oC. This helps to minimize the chances of a leak 
or explosion at the onset. The system is then checked for any leaks and other possibly 
malfunctions. When all the parameters are found to be compliant with the design 
specifications, the other instrumentation, e.g. the dynamic gauge, are tested to see if they 
work properly. Only then can the electric heating on the test section be turned on.  
4.2.4 Shutdown procedure 
The aim is to gradually reduce the temperature and pressure of the system, until such as it 
becomes safe to shut down the system. An experimental run will be terminated when one 
of the following events has occurred: 
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 when sufficient data has been gathered  
 emergency, ie leak, loss of control  
 temperature levels are exceeded in the test-section 
 pressure level exceeds set-points in the feed tank 
In case of shut downs the first thing to do is to turn off the heating on the test sections as 
well as the tank heater. Relief valves V23 and V24 are provided to offset the likelihood of a 
temperature and subsequent pressure surge due to heat in the crude and the test section 
metals. At that point the bulk fluid needs to be cooled to safe working temperature (in the 
range of 50 oC) using the cooling loop. These steps would have to be immediately executed 
in case of emergency shutdown. Next step would be to depressurise the system and stop 
both motors. Consequently by closing valves V13 and V17 both of the test sections would be 
prepared for draining. By closing valves V3 and V22 the tank will be isolated. Following these 
steps will also help to protect the pumps against dry run. Only then the nitrogen purge 
should be stopped and the oxygen content in the enclosure monitored until reaching 
standard levels. This step could then be followed by taking off the panels giving access to 
the test sections and allowing for their draining and disassembly. If need be, after the run is 
completed line leading to valve V5 is opened to drain the tank and the lines. 
4.3 Safety precautions 
To ensure safe operation of the facility four separate but interacting with each other 
systems have been introduced. These were mainly Programmable Logic Controller (PLC),  
gas detection system manufactured by Crowcon, alarm features introduced in the LabView 
control system and lastly mechanical features implemented in the HIPOR facility itself. 
4.3.1 Programmable Logic Controller (PLC) and LabView alarms 
Unlike general-purpose computers, the PLC is designed for multiple inputs and output 
arrangements, extended temperature ranges, immunity to electrical noise, and resistance to 
vibration and impact. The main difference from other computers is that PLCs are armoured 
for severe conditions (such as dust, moisture, heat, cold) and have the facility for extensive 
input/output (I/O) arrangements. These connect the PLC to sensors and actuators. PLCs 
read limit switches, analogue process variables (such as temperature and pressure),  
and the positions of complex positioning systems. On the actuator side, PLCs operate 
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electric motors, pneumatic or hydraulic cylinders, magnetic relays, solenoids, or analogue 
outputs. The input/output arrangements may be built into a simple PLC, or the PLC may 
have external I/O modules attached to a computer network that plugs into the PLC. 
In order to establish possible failures, and actions needed to be taken to remedy their 
occurrence, Table 4:2 of PLC actions was composed. The majority of actions presented in 
this Table will result in switching off the tank heater and power supplies, because of the 
potential severity of any accident happening during operation of the facility with hot crude 
oil at elevated pressures. This will prevent further heating of the test sections and the crude 
oil although the cooling system will be maintained by keeping both of the circulating pumps 
operational. 
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Table 4:2 PLC actions to be taken in case of failures. 
Possible Failures Item Action - PLC General 
Temp exceeds  upper limit 
1. Tank Heater (T1a-1b) 
2. Annulus Heater (T5 & T7) 
and Tube Heater (T2 & T4) 
1-2. Cut power to tank, annulus and pipe 
heaters. 
Keep motors M1 and M2 
running to keep cooling 
Pressure exceeds upper limit  
(likely cause will be high temp 
event. Or blockage of the 
mesh filter S1) 
5. Tank Pressure (P1) 
6. Annulus and Tube Pressure 
(DP –DP2)  
5-6. Cut power to tank ,annulus and pipe 
heaters, and motor M1 
Keep motor M2 running 
to keep cooling 
Flow rate exceeds upper limit 
(Leak) 
10a. Flow meters (F1 and F2) 
10b. Flow meter (F3 - Heat 
Exchanger – not in place at the 
time of writing this work) 
10a. Cut power to tank, annulus and pipe 
heaters, and motor M1. 10b. Cut power to 
tank, annulus and pipe heaters, motor M1 and 
M2 
Keep motor M2 running 
to keep cooling. Go into 
Fail Safe Mode 
Go into ‘Fail Safe’ mode 
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Power failure to any part of 
the rig 
14. Heaters (tank, annulus, 
tube), or motors (M1, M2) or 
PC 
14. Cut power to tank, annulus and pipe 
heaters, motor M1 and M2.  
Go into ‘Fail Safe’ mode 
PC crashes 15. PC 
15. Cut power to tank, annulus and pipe 
heaters.  
Keep motors M1 and M2 
running to keep cooling  
N2 generator fails 
(Have N2 cylinder for back-
up) 
17. N2 Generator 
17. Cut power to tank, annulus and pipe 
heaters.  
Keep motors M1 and M2 
running to keep cooling – 
Open N2 cylinder 
Extract fails (need to avoid 
filling the lab with N2 - 
asphyxiation)  
18. External N2 detector 
18. Cut power to tank, annulus and pipe 
heaters, and N2 generator 
Keep motors M1 and M2 
running to keep cooling 
Noxious gas release (leak) 
21. Gas sensors (not on 
diagram) 
21. Cut power to tank, annulus and pipe 
heaters, and motor M1.  
Keep motors M2 running 
to keep cooling. Go into 
Fail Safe Mode 
 
 
 
Some of the key measured values such as test section temperatures, system pressure and 
tank level have also been assigned alarm conditions (high and low level alarms appropriate 
to each measured parameter) which can be easily modified, if need be, in the back diagram 
of the LabView control panel. These serve as additional safety feature, allowing the 
operators of the facility to take necessary action, if needed, from the PC control panel. 
4.3.2 Mechanical features 
The complete flow loop has been housed inside a sealed enclosure to improve operational 
safety. The enclosure comprises sheet aluminium panels mounted on a steel sub-frame. The 
enclosure serves directly as a mean of protecting the surrounding area and operators from 
any accidental releases during operation. Furthermore, it is continually flushed with 
nitrogen which keeps the oxygen levels inside the enclosure below flammability levels in the 
event of any hydrocarbon vapour leakage. To achieve this, the rig has been equipped with a 
dedicated on-site nitrogen generator as well as an additional nitrogen cylinder: it also has its 
own gas extraction system. The nitrogen-flushed enclosure allows for protection of 
personnel in the laboratory space in case of any flammable or toxic leaks from the flow loop. 
In combination with the internal/external gas detection system (described in Section 4.3.3) 
the enclosure provides a very strong safety control feature. 
The HIPOR rig has also been equipped with two pressure relief valves; one located on the 
main storage tank, the other on the main recirculation loop, just after the test sections. 
Both of these valves, which have a set pressure of 33 bar g, lead to a 10l knockout tank 
which, in turn, is connected with the extraction system, thereby allowing for immediate 
removal of any gaseous release. 
4.3.3 Gas detection system 
 
The gas detection system for the HIPOR facility was custom designed by Crowcon and 
comprises three detectors (for methane, hydrogen sulphide and oxygen), two traffic lights 
modules and a main control panel. Gasmaster is the flexible and simple-to-use self-
contained control panel to monitor gas, or fire, hazards and is often used in industrial 
solutions due to its features and flexibility. The main panel is located outside of the 
laboratory allowing for safe monitoring of the conditions in or in vicinity of the facility 
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and/or changing setting of the system. One of the traffic light modules, each equipped with 
a sound alarm, is located in the space were the HIPOR facility is located, while the second 
one in an adjacent laboratory.  
Each of the gas detectors has been set up to have a two-step alarm, with progressive alarm 
stages indicating more severe conditions. Values of the alarm levels for each of those stages 
are presented in Table 4:3. 
Table 4:3 Alarm levels for HIPOR gas detection system 
Detector Type Methane Oxygen Hydrogen Sulfide 
Direction leading to alarm rising falling rising 
Range 100 % LEL * 25 % VOL 25 ppm 
Alarm one – level off 19 19.5 4.5 
Alarm one – level on 20 19 5 
Alarm two – level on 40 17 10 
*100 % LEL of methane is equal to 5 % by volume 
 
An additional oxygen detector has been installed inside the enclosure to ensure that the 
atmosphere remains at a suitable composition to prevent fire, or explosion, arising in the 
case of a hydrocarbon vapour leak. In addition, the oxygen content of the nitrogen sweep 
gas entering the enclosure is monitored continuously by the nitrogen generator.  
The maximum safe level of oxygen in the enclosure has been agreed with the Safety 
Consultant to be 7 % vol (which is significantly lower than the 12 % limit value found in 
literature [143] for the methane-oxygen-nitrogen system). 
A prior test has been performed to check that the implemented enclosure system functions 
properly. Satisfactory sealing of the panels covering the facility has been achieved using 
either silicone sealant (sealing between the frame support and the panels on the inside) or  
a sealing tape applied to the outside edges of the panels. It was noticed that the desired 
slight negative pressure was created when the extraction was switched on. The oxygen level 
inside the enclosure was found to drop (and maintain stable) at 5.2 vol % after about 20 
minutes of nitrogen flushing from the generator. This value is clearly below the desired limit 
by a comfortable margin. 
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 Chapter 5 
 
HIPOR facility - its construction and control 
 
In this part of the Thesis, key considerations affecting the final design of the facility are 
reviewed. First, the flow sheet of the facility is discussed in combination with the overview 
of the experimental methodology. Then the assembly stages leading to completion of  
the HIPOR facility are discussed. Detailed design of the test sections, and other vital 
components manufactured solely for the purpose of the HIPOR facility, are presented here 
also. Finally, the control system developed exclusively for HIPOR facility is discussed. 
5.1 Detailed description of the facility  
Once the main experimental conditions had been established, and the estimation of 
operational parameters conducted, the next stage of the project could be carried forward.  
A flow sheet of the facility is presented in Figure 5:1.  
 
 
 
Figure 5:1 Schematic flow sheet of a test rig. 
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As illustrated in Figure 5:1, the test rig is essentially a high temperature, high pressure, 
crude oil flow loop equipped with an annulus test section and a tubular test section,  
each having a heated region on which fouling deposits will form.  A complete list of the 
numbered components which make up the rig is provided in Table 5:1.  The rig offers 
important benefits, these include: the accurate measurement of heat transfer behaviour 
through the use of Joule heating and special methods for wall temperature measurement;  
the simultaneous measurement of fouling in the tubular and annulus test sections; and the 
ability to handle sufficient volumes of crude oil at appropriate temperatures and pressures 
in order to give a realistic, representative simulation of actual refinery operating conditions. 
 
Table 5:1 List of main components of the facility depicted in flow diagram (chiller connected 
to EX2 is not shown on the diagram) 
Table 5:1 Main components 
Part symbol Description 
1 Annulus section 
2 Heated region of annulus section 
3 Tube section 
4 Heated region of tube section 
T1 – T10 Thermocouple 
V1, V4, V5, V6, V7, V8, V9, V11, V14, V16, 
V18, V20, V25, V29, V30, V33, V34, V35 
Manual valve 
V2, V12, V15, V19, V21, V26, V31 Check valve 
V10, V13, V17, V27, V28, V32 Control valve 
V3, V22 Isolation valve 
V23, V24 Relief valve 
S1, S2, S3 Strainer 
M1, M2 Pump 
EX1, EX2 Heat exchanger 
P1, P2 Pressure transducer 
DP1, DP2 Differential pressure transducer 
F1, F2 Flow meter 
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A short description of the test method is now presented.  
The following major features have been incorporated: 
 pumping of crude oil through an annulus and/or tubular test sections; 
 electrically heated regions for both the annulus and/or tubular test sections, with in-
built measurement of the fouling occurring in these test sections.  
To achieve the most useful results, it is planned to operate both the annulus and tubular 
test sections simultaneously, requiring crude oil to be pumped to both test sections 
simultaneously as well.  
 
A key feature of the HIPOR rig is the ability to monitor the temperature of the heated 
regions of the test sections as a function of time.  The temperature of the surface of the 
heated regions in contact with the flowing oil needs to be measured and additionally,  
to help monitor and maintain safe operation, the bulk oil temperatures in key parts of the 
pipe circuit must also be logged.  
 
To determine the degree/evolution of fouling as a function of time, the heat transfer rate 
between the heated regions of the test sections and the flowing oil must monitored,  
as a function of time. Furthermore, the pressure drop will be measured in the test sections, 
again as a function of time.  In addition, physical removal of the test sections from the rig 
after an experiment will allow direct investigation and recovery of the fouling deposits. 
 
5.1.1 Brief description of the main experimental conditions 
Both the tubular and annular test sections operate over a similar range of conditions. Heat is 
added to the fluid during its passage through the test sections, causing its temperature to 
rise and hopefully initiating deposition of the fouling layer onto the heated tube surface. 
The excess heat gained by the oil during passage through the test section must then be 
removed in a heat exchanger EX1.  In this exchanger, the excess heat is discharged  
into a non-aqueous heat transfer fluid (ParathermTM) flowing in a secondary loop on the 
cold side of this heat exchanger.  In turn, the ParathermTM is cooled in a further exchanger 
EX2, where cooling water circulates on the cold side of the exchanger.  The main flow loop is 
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designed to supply crude oil to the heated parts of both test sections at a maximum 
temperature of 260°C.  The maximum loop operating pressure is 30 bar(g).  The annulus test 
section is 2 m long, permitting fouling measurements over about 1.5 m, after allowance for 
an entry section for flow stabilization.  Test surface temperatures of 250-320 °C are feasible, 
i.e. oil plus 120 °C maximum, leading to an imparted heat flux from the surface to the oil in 
the region 20-100 kWm2.  The fluid hydrodynamics will be directly representative  
of conditions in actual refinery shell-and-tube heat exchangers.  
 
5.1.2 Cascading heat exchanger arrangement 
The secondary circuit allows controlled heat removal from the oil at a higher temperature 
than would be the case if direct heat transfer to a cooling water stream were used. 
 
It is important to cool the crude oil down to remove the heat added in the test sections.  
However, it is equally important to maintain the high temperature of the crude oil in the 
loop, thus to avoid over-cooling.  In order to achieve this, as noted in the previous section, a 
secondary circuit using an intermediate heat transfer fluid (ParathermTM) has been installed. 
The use of a non-aqueous heat transfer fluid in this manner enables controlled heat removal 
from the heated crude oil at a higher temperature than possible with water coolant. This 
allows the crude oil to be kept at a high temperature whilst removing the added heat. 
Finally, heat is removed from the ParathermTM using a conventional ParathermTM/water 
heat exchanger EX2.  The use of this second heat exchanger provides effective cooling of the 
first heat transfer fluid. This two-stage heat removal process is important in the control and 
design of the equipment.  The added heat, cascaded through the two heat exchangers, is 
finally removed from the rig by circulating the cooling water from EX2 into a chiller; this 
device rejects the heat directly into the environment. 
5.2 Design and assembly phases 
The first phase of the layout design was generated once the majority of the main 
components such as pumps, tank and heat exchangers had been sourced, and taking into 
account the intended location of the facility. The 3-D CAD Software package Design 
SolidWorks was used for this purpose. SolidWorks is a geometric modelling kernel-based 
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solid modeller, and utilizes a parametric feature-based approach to create models and 
assemblies. This software was also used in later stages of the design, for such parts as both 
of the test sections, the copper clamping system, radiation equilibrium thermocouple and 
its traversing system. Elements for the Joule heating system and various support elements 
were also modelled with SolidWorks. The result of this initial layout attempt is pictured  
in the Figure 5:2. 
 
Figure 5:2 SolidWorks sketch of HIPOR facility. 
 
This sketch gave a very useful overview of estimated sizes of each of the main components 
so that the required pipework could be planned around them. Space requirements for 
elements such as valves and flow meters could also be allocated on this sketch, thereby 
helping to further improve planning of the actual facility. Issues such as access to particular 
elements had to be factored in, to ensure easy operation of the facility bearing in mind 
ergonomic and efficiency issues. As will be apparent from later sections of this thesis, the 
final rig layout resembles this initial schematic layout quite well. Only a few changes had to 
be made, i.e. shifting the main tank so that the centre of mass of the facility would be in  
a position to improve the overall rig stability. 
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The next stage of planning the layout of the facility was to design a frame able to act  
as a support for the instrumentation, pipework and the outside panels of the enclosing 
metal box. The initial design of this frame is shown in Figure 5:3. 
 
 
Figure 5:3 Initial frame design. 
 
Once these design stages had been completed, the actual assembly of the facility could be 
started. Progression of the rig assembly process is illustrated in Figures 1:1 -1:5 in the 
Appendix 1. The process commenced with the making of a base plate to which the pumps 
and heat exchangers were attached. The 2” diameter cooling loop was then installed  
(Figure A), followed by the support beams and the ¾” crude oil line. Certain additional 
instrumentation (i.e. flow meters and main control valves) were added and the main storage 
vessel was put in place (Figure B).  Next, the return lines were added with the rest of the 
main crude oil pipeline, including pressure relief lines, plus the ¼” N2 support line needed 
for pneumatic valve actuators, pressurisation of the system, as well as purging of the 
containment. Additional support for the test section was then added whilst the tubular test 
section was manufactured. The top detachable part of the enclosure was made (in two 
sections) to which the extraction system would be connected, in due course. The end result 
of these efforts is shown in Figure C. The penultimate phase consisted of adding the control 
box on the side of the rig, attaching housing for the power supplies and installing the copper 
connection system between these supplies and the test sections (Figure D).  The concluding 
steps were to move the facility to the designated laboratory space; design and manufacture 
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the annular test section; and connect and test all the wiring from the instrumentation to the 
control panel. The finished rig is shown in the Figure E. 
In parallel, the control and data acquisition system, developed exclusively for the HIPOR 
facility, had to be planned, written and then tested; LabView software was used to do this. 
The final stage involved stage-wise commissioning tests. 
 
When operating with crude oils, the whole of the rig must be contained in the metal box.  
Furthermore, this box must be swept with a nitrogen stream (derived from a dedicated 
nitrogen generator), for safety reasons, and then this nitrogen stream must be discharged to 
atmosphere, outside the laboratory. To achieve this, an array of nozzles was placed around 
the rim of the main base plate; later, during commissioning, this set-up proved to be 
sufficient to decrease the oxygen level inside the enclosure to a safe limit. An extraction 
system was installed in the laboratory and connected to the top of containment box.  
A methane detector is located inside the enclosure to detect excessive leakage and build-up 
of flammable hydrocarbon vapour. An oxygen analyser is also located inside the enclosure 
to check that the oxygen level never exceeds the safe limit. In addition, a N2 detector is 
placed outside of enclosure to monitor the N2 levels to which operators of the facility will be 
exposed. In addition an H2S detector was mounted on the outside of one of the panels to 
monitor the levels of hydrogen sulphide in the surrounding area and detect any potential 
hazardous leaks. These detectors were connected to the Gasmaster control panel located 
outside of the lab which constantly monitors all their readings and also feeds back to the 
traffic light system; one of which is placed in proximity of the HIPOR facility while second 
was placed in an adjacent lab. 
5.3  Test sections 
Both the tubular and an annulus test section configurations had to be designed in such a 
way that the continuous monitoring of the heat transfer rate, between the electrically 
heated test section surface and the flowing crude oil, and the accurate estimation of the 
temperature of the surface in contact with the crude oil would be achievable.  In both cases, 
the pressure drop in the test section should also be monitored so that the effect of fouling 
on pressure gradient can be evaluated. 
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5.3.1 Tubular test section 
The tubular test section was built using a sample of carbon steel similar to the one used in 
actual heat exchanger tubing. In this section, the crude oil flows inside the tube so that the 
wall temperature is measured on the outside, using a series of fixed thermocouples 
(described in more detail in Chapter 6). Since Joule heating is being used for heating the 
main body of the test section, a special system of electrically insulating washers and casings 
for the bolts had to be implemented. These are shown in Figure 5:4. A gasket made out of 
an electrically insulating, high temperature material [KlingersilTM C-4400] was installed 
between the flanges. As mentioned previously, the main body of this section was made out 
of carbon steel attached to stainless steel flanges on both ends, keeping the design simple 
and easy to replicate. These features are necessary since the experimental strategy involves 
physical examination of the test section after each fouling test. This may be destructive, 
with a new section being required for the next run. The assembled tubular test section, with 
electrically insulated flange, is shown Figure 5:4 below. 
The temperature measurement method utilised in the tubular test section and the methods 
of its application are described in more detail in section 5.4. 
 
 
Figure 5:4 Electrically insulated tubular test section. 
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5.3.2 Annular test section 
The annulus test section consists of an electrically heated inner carbon steel tube and an 
unheated stainless steel outer tube, with the crude oil flowing between them.  In the case of 
the annulus test section, accurate monitoring of the inner surface temperature of the inner 
(heated) tube is achieved using a traversable radiation equilibrium thermocouple, located 
inside the inner tube.  This temperature measurement solution is described in greater detail 
in Section 5:5 below. 
 
The design of the annular test section will be discussed now in more detail. This is a more 
challenging design, since allowance must be made for the connection of copper heating 
clamps, insertion of the radiation equilibrium thermocouple and for uniform inlet/outlet 
stream conditions for the crude oil. To meet the last of these criteria, an optimal oil delivery 
configuration (4 injection points) was identified from CFD (Computational Fluid Dynamics) 
considerations. This led to the design of an appropriate mixing manifold for the top, and the 
bottom, of the test section.  The CFD studies are described in more detail in Appendix C. 
These studies gave reassuring results in terms of hydrodynamic mixing in the manifold,  
and flow development in the test section. Uniformity of flow is established at the entrance 
so as to ensure uniformity of flow behaviour along the entire surface of the annulus. The 4-
inlet/outlet geometry of the mixing manifold design is depicted in Figure 5:5 and Figure 5:6. 
 
 
Figure 5:5 Annular test section entry region design. 
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Figure 5:6 Annular manifold design. 
 
The main body of the annular manifold was design to consist of three major parts: 
1. Bottom part with the insertion point for the inner annular tube. This part also 
incorporates a threaded seal arrangement. 
2. Middle main part with the 4 inlet/outlet points which serves as a mixing chamber. 
Four streams of test fluid are mixed and then guided into the annular channel,  
where the fouling would occur on the heated section. 
3. Top detachable flange onto which outer stainless steel is welded. Having this part 
removable allows for changes of the outer annular tubing in the future, perhaps for 
other geometries to be tested, or for additional instrumentation to be added. It also 
permits easier access to the main mixing chamber, e.g. for cleaning purposes. 
 
This arrangement allows the heated inner tubular section freedom to expand, or contract, 
due to thermal changes and yet still maintain electrical contact to the power supply. An 
identical manifold was applied at the inlet of the annular test section, with four individual 
feed lines, so that an even distribution of the fluid feed into the annular gap can be 
produced within the test section. 
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As shown in Figure 5:7, the inner annular tube consists of a main carbon steel body with 
outside hollow copper parts soldered onto both ends of the tube. These copper end parts 
serve as connection points between the main carbon steel heated part and the copper 
clamp arrangement used. The carbon steel tube, which has a much higher resistivity than 
copper, will act as a heater immersed in the fluid stream passing through annular gap.  
In contrast, the copper end parts remain unexposed to fluid.  
 
 
Figure 5:7 Copper ends of the inner annular tube. 
 
Due to the nature of heating system used (Joule heating), an appropriate solution  
for insulating the outer part of the test section (manifold and outer annular tube) had to be 
developed. This problem has been solved using an arrangement consisting of a seal,  
fitting closely to the inner tubing, made out of electrically insulating material, and a metal 
threaded part with internal diameter bigger than the outside diameter of the inner annular 
tube. When the metal nut part is threaded into the manifold, it pushes the plug part very 
tightly against the tapered part of the manifold, thereby creating a robust seal.  
 
It is obvious that the tubular geometry is more representative of the real case of tube-side 
flow in a shell-and-tube heat exchanger, However, it was decided that the addition of  
an annulus test section, with fouling on the outside of the inner tube, offers several 
important advantages, which may be listed as follows: 
 
1. The wall temperature can be determined at all points along the heated surface by 
use of the traversing radiation equilibrium thermocouple system located inside the 
inner tube. 
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2. The test section can be removed after the test, so that the thickness of the fouling 
layer can be measured directly and the material in the layer removed and analysed. 
3. The use of an annulus test section allows the application of an on-line thickness 
sensor for the continuous in situ measurement of fouling layer thickness. 
 
The completed manifold is shown in Figure 5:8 below. 
 
 
Figure 5:8 Annular manifold. 
 
5.3.3 Simultaneous testing in tubular and annulus test sections 
The two test sections can be run in parallel for direct comparison between the two 
geometries. With the annulus test section, the temperature of the inner wall of the heated 
tube is measured using a radiation equilibrium thermocouple which is contained within 
ceramic shields, and which traverses axially down the test section. This measures the 
temperature of the inner wall of the heated tube to a high degree of accuracy.  
The temperature of the outer wall of the inner tube, on which the fouling deposition occurs, 
can be calculated from this measured inner wall temperature (for the known electrical 
power input) by consideration of the radial conduction through the cylindrical tube wall.  
The outer wall temperature changes, at a given power input and oil flow rate and inlet 
temperature, in response to build-up of the fouling layer on the tube outer surface.  
The heat transfer measurements, and measurements of the thickness of the fouling layer, 
can be used to derive an estimation of the thermal conductivity of the fouling layer.  
The pressure gradient is measured using high temperature pressure transducers.  Since the 
surface of the deposit will be rough, and the outer tube relatively smooth, the shear 
stresses on the two surfaces will be different. The shear stress on the inner surface may be 
148 | P a g e  
 
calculated from the pressure gradient using transformation method and flow rate 
information. 
 
The tubular test section is more typical of a real heat exchanger but the annulus test section 
is better from the point of view of observing and measuring the characteristics of the fouling 
layer. The simultaneous use of both geometries allows the relevance of the (more flexible) 
annulus arrangement to be confirmed. The inner (heated) surface in the annulus can be 
removed non-destructively and fouling layers examined in detail using various analytical 
techniques, without the need for destroying the test section as would be the case with a 
tube. Specifically, in the case of the annulus, the thickness of the fouling layer on the heated 
surface can be readily determined. The annulus test section also allows access for probes for 
continuous on-line measurement of the fouling layer thickness. 
 
The design of the rig is such that the flow areas of the tubular and annular sections are 
similar, so that direct comparisons can be made.  A very important feature of the rig is that 
the same fluid passes, at the same initial thermal state, though both the annulus and 
tubular test sections, so that direct and meaningful comparisons can be made between the 
two geometries. The flow to each of the test sections is controlled and monitored 
separately. 
5.4 Joule heating system 
This involves the heating of the tubular and annular test sections by passing large electrical 
currents through their walls, thus generating heat in the wall in a manner which can be 
precisely controlled and measured.  Joule heating also facilitates the accurate measurement 
of the surface temperature of the metal in contact with the fouling layer and hence of the 
fouling resistance. Sizing calculations and power requirements needed for various 
experimental conditions are described in more detail in Chapter 3. 
 
A general overview of the final Joule heating system incorporated in the HIPOR facility is 
shown in Figure 5:9 below. It consists of two power supply units that could operate either in 
series, or in parallel, depending on the temperature requirement. The test sections can also 
be joined in series, by means of rearranging the copper braids; therefore two main 
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combinations can be achieved. If the planned experiment is taking place in only one of the 
test sections, or the experimental time is to vary between the two sections, each test 
section would be paired with only one of the power supplies, which would then solely 
control that section. 
A second possibility is to join the power supplies in parallel, but the test section in series, 
thereby maximizing the overall test section resistance and increasing the overall power/heat 
flux generated in the test sections. As seen in Figure 5:9 below, the power supply units are 
each equipped with solid, L-shaped copper attachments which connect, by means of copper 
bars, to the vertical bus bars located inside the enclosure. This arrangement is very 
convenient for moving the clamps and braids inside the containment, thereby permitting 
easy changes between the power supplies configurations mentioned above. 
 
 
Figure 5:9 Power supplies and their copper power attachments. 
 
In the design of the Joule heating system, special attention was given to the design of the 
current clamps which transmit the current from the power supply to the test section.   
This involved the design of a special clamp cooling system, reflecting the very high 
temperatures encountered in the planned crude oil fouling tests. 
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Figure 5:10 Design detail (isometric and plan views) of a copper clamping arrangement. 
 
Copper clamp was manufactured based on this design and is shown in Figure 5:11 below  
in its final form. 
 
Figure 5:11 Copper clamp used to supply Joule heating to a test section of the rig. 
 
As shown in Figure 5:10, the copper clamp is specifically designed to provide a tight fit on 
the segment of annular/tubular test section to be heated by using a pinch housing 
arrangement.  This arrangement also allows the copper braid providing the electrical current 
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to be tightly connected, thereby ensuring that electrical losses due to gap resistances are 
minimised.   
 
Since the main test sections are heated to high temperatures (of a 300 °C range),  
an additional piping manifold has been implemented in the clamping arrangement to enable 
a feed of cooling water to pass through the clamp.  This ensures that the clamp does not 
become excessively hot during test section heating.  The water cooled clamping system is 
shown in greater detail in Figure 5:10.  The design comprises a line for the cooling water 
feed into the clamping arrangement on one side; a U-shaped connection between the two 
halves (lower down); and a cooling water return line on the other half of the clamp. To allow 
the operator opportunity to adjust the flow rate of cooling water passed through the 
clamping arrangement, a set of handles, attached to valves placed on the pipework inside,  
was located on the front panel of the enclosure, thereby enabling manual remote control. 
 
The final clamping arrangement placed on the inner annular tube is shown in Figure 5:12 
below. 
          
Figure 5:12 The copper clamping arrangement attached to the annular test section. 
 
5.4.1 Electrical isolation around the Joule heated sections 
Special systems have been developed for electrical isolation of the annulus and tubular test 
sections.  Since the test sections are installed within a metallic piping circuit, and are directly 
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heated by Joule heating, it is important that the heated regions are electrically isolated from 
the rest of the flow loop circuit, to prevent leakage of the Joule heating current.   
This isolation is achieved using special sealing materials.  Electrically insulating gaskets are 
provided between flanges either side of the heated regions.  The gaskets are also able to 
withstand the high temperatures that they are likely to be subjected to. 
 
For this purpose, in our current prototype, KlingersilTM C-4400 gaskets are placed between 
raised face flanges either side of the heated regions.  To ensure that there is no electrical 
path between the flanges due to the retaining bolts, KlingersilTM C-4400 washers have also 
been constructed, and the bolts are sleeved with a non-conducting tape (supplied  
by CobasTM). 
 
To ensure that there is no conducting path between the cooling water connections to the 
electrical clamps, fitted to each test section, and the rest of the flow loop, dielectric fittings 
are used (Hamlet 762LSS1/4-Dielectric). 
 
Figure 5:13 shows the details of a prototype arrangement used to ensure that the wall-
mounted thermocouples, associated with the tubular test section, are able to measure the 
wall temperature, whilst being electrically isolated from the tubular test section.  Materials 
and components other than the specific ones identified may be used in the future if needed. 
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Figure 5:13 Detail of a wall mounted thermocouple configuration used in the HIPOR 
facility. 
 
In order to ensure accuracy of the temperature measurements, good contact between the 
test section and the measuring tip of each of the thermocouples is required. This was 
achieved by essentially sandwiching the thermocouple tip between two thin layers  
of thermal conducting paste onto the test section surface. OmegabondTM 600 high 
temperature chemical set cement, supplied by Omega, was chosen because it has a high 
service temperature (maximum service temperature of 1426 °C), it is electrically insulating 
and it has a high thermal conductivity. Following this, a thin sheet of high temperature 
insulating tape was wrapped around the thermocouples, followed by a high temperature 
adhesive tape to further secure the thermocouples into position, as shown in Figure 5:13 . 
To summarise, the following mounting procedure was adopted: 
1. Prior to mounting the thermocouples, the surface of the test section was thoroughly 
cleaned using an alcohol-based solvent to ensure perfect contact during chemical 
bonding. 
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2. A thin layer of OmegabondTM 600 high temperature chemical set cement was 
applied on the thermocouple positions and allowed to dry. This ensured that the 
leads are electrically insulated from the stainless steel surface of the test section. 
3. The thermocouple leads were laid on the dried cement layer at each position,  
and another thin layer of the cement was applied on top of each thermocouple tip. 
The thermocouples were secured in position and the top cement layer allowed  
to dry. 
4. At each axial thermocouple location, a thin high temperature polyimide insulating 
tape (DuPont KaptonTM film) supplied by RS Components was used to wrap around 
the pair of thermocouples. This was then secured with a high temperature adhesive 
tape supplied by CobasTM. 
5.5 Radiation equilibrium thermocouple 
Temperature measurement within the annulus test section is made using a radiation 
shielded thermocouple, which can be traversed up and down the hollow inside of the inner 
tube of the annulus test section, to any desired position.  Experiments on boiling heat 
transfer [134] have demonstrated that this allows a very accurate measurement of the inner 
wall temperature, from which the temperature of the outer surface in contact with the oil 
can be calculated. 
 
The radiation equilibrium thermocouple system was specially designed for the HIPOR flow 
facility.  Special features of the existing design include the specific structure for the tip of the 
thermocouple probe, which is designed to provide directional localised measurements of 
the inside surface temperature of the heated tube in the annulus test section. Another 
significant feature of the radiation equilibrium thermocouple system for the annulus section 
is a servo-assisted traversing mechanism which was also specially designed for HIPOR, 
enabling the thermocouple to be accurately moved to different positions along the annulus 
test section. This positioning device is designed to operate in an inert atmosphere and is 
capable of positioning the radiation equilibrium thermocouple within the central annulus 
tube to a high degree of accuracy (the specific design allows the thermocouple to be placed 
within ±0.5 mm). SolidWorks sketches showing the proposed solution in more detail  
are included below, see Figure 5:17 and Figure 5:19. 
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The design of the tip of the radiation equilibrium thermocouple is illustrated on  
the technical SolidWorks sketch below, Figure 5:14. 
 
 
Figure 5:14 Design detail of a shield for a tip for a radiation equilibrium thermocouple. 
 
 
Figure 5:15 An exploded diagram of the Radiation Equilibrium Thermocouple shield. 
 
Figure 5:14 and Figure 5:15 show the design of the shielding for the thermocouple tip within 
the annulus test section.  As illustrated in Figure 5:14, the shielding may be constructed 
from a number of layers of insulating material – in this case KlingersilTM C-4400, or any other 
suitable insulating material. The insulating material is assembled so that the thermocouple 
tip is only exposed through a small window in the shield.  This ensures that the temperature 
measurement is extremely localised.  The insulating shield is also designed to fit closely 
Body - 316L S tainless S teel
Insulation - KLINGE Rsil C-4400
Thermocouple – Omega K type
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within the inner annulus section of the flow loop, so as to minimise heat losses around  
the thermocouple tip.  
 
The actual probe manufactured for the HIPOR facility, based on the above-mentioned 
design, is shown in Figure 5:16 below. 
 
Figure 5:16 Shielding attached to a tube containing the thermocouple. 
 
This Figure shows the shielding attached to a tube containing the thermocouple where   
the thermocouple tip is positioned behind the window. 
 
Figure 5:17 illustrates the construction and operation of the traversing mechanism.   
The traversing mechanism comprises a centralising tube guide and a drive for moving  
the tube containing the thermocouple, which is shown in retracted and inserted positions 
relative to the annulus test section. 
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Figure 5:17 Traversing drive mechanism, in retracted and inserted positions relative to an 
annulus test section. 
 
 
Figure 5:18 Radiation Equilibrium Thermocouple mounted on a traversing drive 
mechanism inserted into annular test section. 
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The drive mechanism of the traversing mechanism is illustrated in Figure 5:19 below. 
 
 
Figure 5:19 Drive mechanism for the radiation equilibrium thermocouple system and its 
finished version 
 
With reference to Figure 5:19, the drive is moveably mounted on three guide rods and  
is driven by a servo motor, so that the thermocouple tip can be accurately positioned at any 
location along the annulus test section with a high degree of repeatability. 
5.6 Gas detection system 
An entirely new system for maintaining safe operation on the facility has been designed.  
This involves putting the whole of the working circuits of the facility inside a container which 
is flooded with nitrogen. Measurements of the hydrocarbon content in the container are 
made to ensure that hydrocarbon vapour leakage from the circuit is minimal. Also, 
measurements of the oxygen content of the nitrogen sweep gas in the container are made 
to ensure that the atmosphere remains at a suitable composition to prevent fire,  
or explosion, arising in the case of a leak. On the outside of the container, measurements 
are made of hydrogen sulphide (which is a component of some crude oils) to ensure 
personnel safety, as are measurements of oxygen composition to ensure that the local 
concentrations of nitrogen do not rise significantly above atmospheric values. 
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5.7 Materials selected 
The main piping circuit components are made of stainless steel to prevent oxidation or 
corrosion. Only those parts of the test sections which are heated and are intended to 
simulate the fouling surfaces, are made of carbon steel (thus simulating the real situation in 
a crude oil heat exchanger). If stainless steel had not been used elsewhere in the circuit, the 
whole circuit would have a propensity to foul (as in the case of carbon steel) and this would 
make the rig non-operational. This choice of materials has been made in anticipation that 
asphaltene deposition will be limited to the carbon steel parts of the test sections.  
In turn, this should ensure that the measurements of deposition rates are more reliable. 
5.8  Control system 
A specific and special control system has been designed to operate the rig to meet  
the operational goals.  Control over the flow rates, crude oil temperature, cooling system 
temperature and heat flux inputs is organised through LabView programme code.  
Additional software has been developed to control the position of the radiation equilibrium 
thermocouple for the annulus test section, so that continuous metering of the test section 
temperatures can be achieved over long periods of time. 
 
The control and data acquisition system for the rig is illustrated in following Figure 5:10.  
This figure shows an overview of the control system.  Essentially there are three specific 
functions that are integrated into this system.  These are as follows: 
 
1. High pressure control system (the main rig) 
2. PLC monitoring system (safety alarms and cut-offs) 
3. Environment control system (containment box and surrounding area) 
 
These functions were described in more detail in Chapter 4. 
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Figure 5:20 Schematic overview of a control and data acquisition system for the rig. 
 
5.8.1 LabView control system 
Based on the design flow sheet a similar control panel was created in LabView which is 
shown in Figure 5:21 below 
 
 
Figure 5:21 A LabView flow-sheet used for controlling the rig. 
 
Figure 5:21 shows a flow-sheet mimic used to control the present rig.  From this screen, key 
valves such as V3 and V22 may be opened and closed to enable the main feed tank to be 
isolated. Also, the set-points on control valves V10, V13 and V17 may be specified.  
The heaters (and set-point temperatures) on both the annulus and tubular sections will also  
161 | P a g e  
 
be allowed to set from this flow sheet. In addition to these operations the flow-sheet also 
provides a real time display of the key process parameters such as pressures, temperatures 
and flow rates. These parameters may be simultaneously logged to a separate file for 
subsequent data analysis. 
 
The flow sheet schematic shows only the main panel of LabView. Execution is determined 
by the structure of a graphical block diagram on which different function-nodes are 
connected by wires. These wires propagate variables, and any node can execute as soon as 
all its input data become available. Since this might be the case for multiple nodes 
simultaneously, LabView is inherently capable of parallel execution. Multi-processing and 
multi-threading hardware is automatically exploited by the built-in schedule. 
5.8.2 LabView code 
The flow sheet schematic (Figure 5:21) shows only the main panel of LabView. LabView is a 
graphical programming language that uses icons instead of lines of text to create 
applications. In contrast to text-based programming languages, where instructions 
determine program execution, LabView uses dataflow programming, where the flow of data 
determines execution. In LabView, a user interface is built by using a set of tools and 
objects. The user interface is known as the front panel. The code is added using graphical 
representations of functions to control the front panel objects. The block diagram contains 
this code and in some ways therefore, the block diagram resembles a flowchart. Using 
LabView, user can create test and measurement, data acquisition, instrument control, data 
logging, measurement analysis, and report generation applications. An overview of LabView 
basic is presented in Appendix 4 
5.8.3 LabView back panel description 
In the following part, a detailed description of the back panel will be given. The back panel 
block diagram consists of several separate logical loops which are responsible for 
appropriate functioning, control and acquisition of key components (such as valves) as well 
as data logging. 
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The first of these loops, shown in Figure 5:22 below, assigns a separate channel for each of 
the thermocouples used in the facility. Control terminals are joined with wires through 
adequate nodes and these are further connected with two assigned Measurement 
Computing's 8-Channel USB TC Boards. The USB-TC from Measurement Computing is a USB 
powered temperature input module. It provides eight independent, TTL-compatible digital 
I/O channels to monitor TTL (transistor–transistor logic)-level inputs, communicate with 
external devices, and to generate alarms. The digital I/O channels are software 
programmable for input or output. 
The USB-TC can take measurements from type J, K, R, S, T, N, E, and B thermocouples and 
provides two integrated cold junction compensation (CJC) sensors for thermocouple 
measurements. An open thermocouple detection feature allows for detection of a broken 
thermocouple. An on-board microprocessor automatically linearizes the measurement data. 
The module draws it's power from the USB cable, no external power supply is required.  
All configurable options are software programmable and the the USB-TC is fully software 
calibrated. The USB-TC offers the most accurate temperature measurement possible,  
since the internal measurement electronics accuracy exceeds the accuracy specifications of 
the temperature sensors. This should assure that the USB-TC will provide the best 
measurement the sensor is capable of. 
 
 
Figure 5:22 Data logging of the temperature sensors. 
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The second of the flow loops is resonsible for the input logging from the flowmeters  
(going from top of the flow loop), monitoring the tank level and tank pressure followed by 
differential pressure transducers (for annulus and tube test sections rescpectively)  
and finally the absolute pressure measurement in the cooling loop.  
Measurement Computing's USB-1208FS is a bus-powered USB PC-based analogue and 
digital I/O device with a rage of +/-10 V. Providing eight single-ended inputs with 11-bit 
resolution, or four differential inputs with 12-bit resolution, the unit offers sample rates up 
to 50 kilosamples/sec with eight software selectable input ranges. The unit also provides 
two 12-bit analogue outputs, one 32-bit counter, and 16 digital I/O lines. 
Filter modules were implemented to filter the signal from the flowmeters and differential 
pressure cells. Smoothing filtering type was used in both cases and rectangular moving 
average method with half-width of 10 sample points was used for the flow meter output 
signal and exponential method with a time constant of 3 s for the differential pressure 
transducer output signal. 
 
 
Figure 5:23 Pressure and flowrate data logging. 
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The third flow loop allows for the control of the proportional valves required for accurate 
adjustment of flow rates into each of the test sections (Valves V13 and V17) and to the main 
cooling loop (Valve V10). It also adds the flow meter readings from both of the test sections 
resulting in cumulative value. 
The acquisition board used for this purpose is the USB-3104 board which provides eight 
channels of analog voltage output, eight channels of analog current output, eight digital 
 I/O connections, and one 32-bit event counter. 
The USB-3104 has two quad (4-channel) 16-bit digital-to-analog converters (DAC). Each D/A 
converter output controls a voltage and current channel pair simultaneously. 
It is possible to set the voltage output range of each DAC channel independently  
with software for either bipolar, unipolar or current. The bipolar range is ±10 V, the unipolar 
range is 0 to 10 V, and the analog current range is 0 to 20 mA. Each voltage/current channel 
pair can be updated individually or simultaneously. A bidirectional synchronization 
connection allows to simultaneously update the DAC outputs on multiple devices. 
The USB-3104 features eight bidirectional digital I/O connections. The DIO lines can  
be configured as input or output in one 8 bit port. 
 
 
Figure 5:24 Control of the proportional valves. 
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The flow loop in Figure 5:25 below controls the on-off valves (V3 and V22) and also 
incorporates low and high tank level alarms, which would trigger in case of a leak or 
blockage in the pipe system.  
 
Figure 5:25 On-off valves control and high/low level alarms. 
 
In Figure 5:26 below a PID (proportional–integral–derivative)  contoller is shown which 
allows for adjustment of control of the heat fluxes imparted for both of the test section.  
USB 3104 DAQ board is used for this purpose This part of the control system was not 
finished and tested at the time of writing this thesis and is part of the future work. 
 
Figure 5:26 Power supply PID control. 
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Finally, in Figure 5:27 below, two safety loops are implemented. The first monitors the 
alarm status of the control cabinet and provides fail-safe shutdown on detection of an 
alarm.  
The second is a watchdog signal generator that is routed to the control cabinet. In the event 
of LabView or PC failure, the absence of the watchdog signal will trigger a fail-safe shutdown 
of the rig. 
 
Figure 5:27 Two safety loops. 
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Chapter 6 
 
6 Main components and instrumentation 
 
In this part of the thesis main equipment used either for stable operation of the facility or 
for the key measurements is described. 
6.1 Crude oil/ParathermTM heat exchanger 
The Crude oil/ParathermTM exchanger is an Alfa Laval Compabloc unit (model CP15-V-30Pls). 
This is a welded plate heat exchanger without interplate gaskets; this allows a large heat 
transfer area in a very compact space. It is designed and manufactured, as a standard unit, 
to the ASME VIII Div.1 Pressure Vessel Code, with a design pressure of 40 bar(g) and design 
temperature of 350°C. The Compabloc design is based on stacks of welded plate packs  
(30 in this model) inserted into a rigid rectangular bolted frame; this provides mechanical 
strength and the separation of two or more fluid circuits. Each circuit is fitted with a 
detachable baffle plate assembly. Four carbon-steel panels fitted with nozzles facilitate 
connection with external pipework. The plates, baffle plates and panels linings are made 
from stainless steel 316L.  
 
 
 
Table 6:1 AlfaLaval Compabloc heat exchanger used in the facility and a diagram showing 
two media flowing in cross-flow in alternately welded channels (drawing taken from 
AlfaLaval manual). 
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6.2 ParathermTM/Water heat exchanger 
A standard shell and tube heat exchanger, supplied by Bowman, was chosen to cool  
the ParathermTM circuit. The shell-side contains the process fluid and the tube-side water 
from the chiller unit. Both the shell-side and the tube-side are rated to 20 bar(g).  
6.3 Crude oil/ParathermTM pumps 
Two Japanese Teikoku Canned Motor Pumps are used in the HIPOR facility – one for the 
crude oil circuit and one for the ParathermTM circuit. The crude oil pump (model  
F63-216X4XM-0204SS1V-BV) is a high temperature model, specifically designed to handle 
fluids like crude oil at temperatures up to 350 oC, and capable of delivering up to 6 m3/hr. 
The pump can withstand up to 350 oC but the ATEX certificate restricts maximum liquid 
temperature to 338 oC. The motor pump must be warmed up slowly with the initial 
temperature below 100 oC and the maximum allowable warming rate is 150 oC rise per 
hour. As the pump is required to merely circulate the oil, i.e. overcome flow resistance  
in the loop, a Total Dynamic Head (TDH) of 5 m is sufficient [the 30 barg loop pressure  
is generated by over-head nitrogen pressure supplied to the tank]. It is equipped with  
an electrical dry run protection relay and with the patented Teikoku Rotary Guardian (TRG); 
this is an electrical meter that continuously monitors both axial and radial wear.  
The TRG identifies any serious malfunction of the pump before an actual failure occurs. 
 
In addition to the use of double containment for total fluid control, the pump offers some 
significant performance advantages. It is designed to enable long periods of time between 
maintenance (with pre-planned downtime), and has only a few components that need to be 
monitored and serviced. It never requires costly alignment procedures or external 
lubrication. In particular, it is magnetically driven so has no rotating shaft to seal between 
the fluid circuit and the environment. This not only eliminates seal maintenance and 
complicated seal support systems but, more importantly in the current application, avoids 
potential leakage of hot oil out of the casing and into the box containing the HIPOR rig.  
Any leakage of hot, high pressure crude will lead to immediate flashing down to 
atmospheric pressure, with the generation of flammable hydrocarbon vapour and highly 
toxic hydrogen sulphide. 
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Figure 6:1 Main crude oil pump. 
 
A similar pump was chosen to serve in the ParathermTM cooling loop (model F61-315C4BM-
0506SS1-BV). Due to less arduous conditions, a temperature range from ambient up to 85 oC 
was sufficient. The pump was rated to operate with flows up to 8 m3/hr. 
6.4 Valves 
Specific attention had to be placed on the selection of valves used for flow control in the 
facility.  Due to the condition under which they had to be operated, and the medium they 
would be exposed to, distinctive full-bore, high severance valves (up to 560 oC) with 
explosion and fire proof actuators [where necessary] were sourced. 
The various type valves are given below, together with their respective suppliers: 
 Manual Valves, High Temperature Ball type, from Cesare Bonetti SPA. Italy. 
 Isolator Valves, Pneumatically actuated, from Cesare Bonetti SPA, Italy. 
 Globe Control Valves, with ISIS Fluid Control from Cesare Bonetti SPA, Italy. 
 Check Valves, piston and gate type valves from ISIS Fluid Control 
6.5 Flow meters 
The oil flow-rate is monitored using a variable area model RAMC Metal Short-stroke 
Rotameter, supplied by Yokogawa of Japan. Such rotameters are vertically mounted and 
operate on the principle of the constant achievement of a dynamic balance of a float, freely 
moving within the vertical tube. Gravitational, less buoyancy forces, are counterbalanced by 
the viscous drag of the upwardly flowing oil. The drag force would increase with increasing 
volumetric flow if not for the use of a tapered tube, with diameter increasing with height up 
the tube. Thus an increase in oil flow-rate will cause the float to take up a new equilibrium 
position at a point higher in the tube. The position of the float is continuously monitored 
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magnetically. This position, in turn, is translated to the instantaneous oil flow-rate via a 
correlation. The operation of the rotameter is shown in more detail in Figure 6:2 below: 
 
 
Figure 6:2 Rotameter operation. 
 
The gravitational force of the float (FG) is equal to the force generated by the pressure loss 
(Fp – flow resistance) and the Buoyancy force (Fa) generated by the float-volume and density 
of the fluid. 
Equilibrium of forces is therefore achieved following the balance equation: 
  6:1 
         
Where the forces can be further defined as: 
  6:2 
        
  6:3 
             
  6:4 
         
 
The short-stroke rotameters selected for the HIPOR rig permit measurement of high flow 
rates using a relatively short metering tube, thereby minimising the contained fluid 
inventory. Their special application is for hazardous, dangerous or aggressive fluids, for high 
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temperatures and high pressure rates. They have a stainless steel armoured construction 
allowing for a safe measurement of a variety of liquids. 
 
 
Figure 6:3 Yokogawa rotameter. 
 
6.6 Level measurement 
Level measurement in the main tank is achieved using a Levelflex M FMP41C Guided Level-
Radar Smart Transmitter for continuous level measurement in liquids. The particular model 
is a high temperature, high pressure unit with high chemical resistance. The Levelflex 
instrument is a "downward-looking" measuring system that functions according to the 
Time-of-Flight [ToF] method. The distance of the fluid surface from a reference point within 
the tank is measured by means of high-frequency pulses injected via a probe. The pulses are 
reflected by the product surface and received by an electronic evaluation unit. The distance 
between liquid surface and reference point so monitored is directly calibrated to give the 
instantaneous liquid volume in the tank. It is used, in addition, for flow control purpose,  
e.g. to avoid over-filling of the tank.  
6.7 Power supplies 
The power supplies initially chosen, and procured, for the HIPOR facility were supplied by 
Lambda. The annulus and tubular test sections each need a high current, low voltage power 
supply for Joule heating.  Joule heating is achieved by passing a high current along the test 
section tubular walls.  Such a heating scheme allows precise control and measurement of 
the heat flux, and also allows access to the metal surface for accurate temperature  
(and hence heat transfer coefficient) measurement. Initial rating of the units used in the 
HIPOR facility were 33 V and 300 A, giving total power rating of 10 kW for each of the power 
supplies. However, subsequent testing of these power units on the rig revealed that  
the 300 A limit was inadequate and has required their replacement by the power supply 
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from an adjacent rig which have a higher amperage rating. These units were also 
manufactured by Lambda and had following specifications: 20 V and 500 A.  
6.8 Main storage tank 
The crude oil sample is stored and recirculated through a nitrogen-pressurised high 
pressure, high temperature vessel. It is pumped from this vessel to the test sections by  
the Teikoku circulation pump. Key dimensions of the tank are as follows: working volume of 
up to 120l; 10 mm thick shell; 500 mm outside diameter and 50 mm thick Rockwool 
insulation. 
 
 
Figure 6:4 Technical drawing of the main crude oil tank 
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Table 6:2 Description of tank nozzles 
Nozzle Schedule 
1 Crude Oil out ¾” BSP 
2 Crude Oil return ¾” BSP 
3 Nitrogen Purge inlet ¾” BSP 
4 Steam Purge Inlet ¾” BSP 
5 Pressure Relief Line ¾” BSP 
6 Level measurement port 1½’’BSP  
7 Heating element port 2’’ BSP 
8 Temperature measurement port ¼’’ BSP 
6.9 Nitrogen generation system 
In operation with crude oils, the whole of the rig is contained in a metal box.  This box  
is swept with a nitrogen stream (derived from a pressure-swing adsorption nitrogen 
generator); this nitrogen stream is discharged through an exhaust duct and then  
to atmosphere outside the laboratory. Nitrogen sweeping is achieved using a system of 
nozzles placed around the periphery of the base plate of the box. Subsequent 
commissioning has proved that this method of nitrogen introduction is capable of reducing 
the oxygen concentration inside the enclosure to safe limits, i.e. below 6% by volume.   
A pressure-swing adsorption nitrogen generator unit was specially acquired from  
Domnick Hunter. This is their MAXGAS unit with 105l capacity able to produce low oxygen 
content nitrogen, directly from compressed air. The actual residual oxygen content achieved 
increases with desired output. At a flow-rate of 19.3 Sm3/h, a level of 2% by volume is 
expected. The target atmosphere inside the enclosure for safe operation of the rig is set to 
be 7% by volume, which is half the theoretical limit based on the limits of flammability of 
methane-oxygen-nitrogen mixtures ant atmospheric pressure. 
6.10 Chiller 
A stand-alone unit supplied by ThermalExchange with cooling capacity of 20kW which uses 
deionised water was purchased. This unit would continuously recirculate water through the 
Bowman shell and tube exchanger (EX2) thus allowing for a precise temperature control of 
the bulk fluid recirculated in the facility. 
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6.11 Thermocouples 
Bulk temperature measurement 
The temperatures of the bulk test fluid at the test section inlet and outlet were measured 
using K type minerally insulated stainless steel (310) sheathed thermocouples supplied from 
RS Components (RS 397-1488). These thermocouples have a probe diameter of 3 mm and a 
probe length of 150 mm, with standard miniature male plug connectors.  
The fluid temperature thermocouples were directly fitted into the pipework of the HIPOR 
facility through a series of fittings, which consisted of a stainless steel ¼ inch BSP 
compression gland with an ID of 3 mm and a reducer. For both thermocouples, the tip of the 
thermocouple probe was positioned to the centre of the pipe it was connected to. The 
thermocouples were then sealed to the tube wall by tightening the fittings as necessary. 
Wall temperature measurement 
For the outer surface wall temperatures, “cement-on” fast response K-type thermocouples 
were used. These are the Type II K Chromega-AlomegaTM thermocouples (model number: 
CO2-K) supplied by OMEGA. They are 150 mm in length and are made from 0.013 mm 
thermocouple alloy foil. They were chosen for their tolerance to high temperature 
operation and their small mass, resulting in extremely fast surface temperature 
measurement response time. Additionally, they have a maximum guaranteed operating 
temperature of 540 °C for continuous operation over 600 hours and 650 °C over 10 hours. 
The exact mounting procedure and details of the thermocouple set up are discussed in 
greater detail in the Section below. 
Wall temperature measurement 
Radiation equilibrium thermocouple was described in detail in previous Chapter 5. 
 
6.12 Pressure transducers 
Absolute pressure measurement 
These types of pressure transducers are used to measure pressure in the main loop, as well 
as in the cooling ParathermTM loop; they were sourced from SensorOne. The DMK 331P 
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pressure transmitter, with flush stainless steel diaphragm, was chosen, due to its high 
temperature and pressure rating. 
Differential pressure measurement 
Differential pressure transmiter were sourced from Emerson Process Management. Model 
3051 Smart Pressure Transmitters capable of measuring differential pressure from 0.12 to 
13800 kPa with 0.075 % accuracy and 100:1 rangeability was chosen. A two seal model was 
chosen since it was necessary to isolate the transmitter from the process due to high 
process temperature. Remote seals are also beneficial due to corrosive nature of the crude 
oil. When using remote seals care needs to be taken during selection of diaphragm.  
When seal assemblies are filled, the volume of fill is controlled so that the seal is operating 
within the mo. This helps to minimise the amount of pressure change that will occur when 
the fill fluid expands or contracts with temperature changes. A 1081 pancake seal  
with ¼ “ fitting was eventually chosen. 
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Chapter 7 
 
7 Instrument calibration and rig commissioning tests 
 
In this part of the thesis, the procedures and results of the preliminary instrument 
calibration and rig commissioning tests carried out are discussed. Evaluation of the results 
obtained, in terms of comparison with pressure drop predictions, has been conducted. 
7.1  Radiation Equilibrium Thermocouple  calibration 
For the purpose of calibration, the Radiation Equilibrium Thermocouple was attached to the 
FLUKE 51 hand-held logger and placed alongside two reference thermocouples [5SC-GG-KI-
30 Omega high temperature (up to 480 °C) K-type] in a CTF Carbolite Horizontal Furnace 
fitted with a 100 mm tube diameter. Both ends of the furnace were then insulated with 
Superwool 607max blanket supplied from RS Components. The temperature of the oven 
was raised in 50 °C increments to 350 °C, above the maximum envisaged tube wall 
temperature and the readings from the thermocouples were logged at each temperature. 
 
Figure 7:1 Radiation Equilibrum Thermocouple calibration 
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Figure 7:1 shown above illustrates a very consistent set of measurements were reading of 
the Radiation Equilibrium Thermocouple show a linear relationship which deviates from the 
readings of the reference thermocouples by +/- 0.5 oC. 
 
The RET was then mounted inside the inner tube of the annular test section, and traversed 
from the top-most position to the middle of the section during a ParathemTM test run:  
the resultant temperature profile is shown in Figure 7:2 below. Here, modest Joule heating 
of the inner tube indicates a wall temperature of around 105 oC, with the surrounding fluid 
heated to above 70 oC. 
 
Figure 7:2 Traversing the Radiation Equilibrium Thermocouple. 
 
Comparison of the RET readings with the bulk fluid temperature measurements show the 
expected behaviour, with a fairly uniform temperature profile along the test section beyond 
about 20 cm. The small variation in temperature observed arises from changes in the 
measured bulk fluid temperature. It is important to mention that the entrance to the inner 
annular tube is 20 cm (Figure 7:3) above the mixing manifold position [the fluid injection 
plane]: this is the cause of the sudden increase in the recorded RET values in the Figure 7:2.  
The position of the current connecting clamps can have an effect on this values - the wall 
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temperature might be higher in the short region where the tube is electrically heated (prior 
to contact with the bulk fluid). 
 
Figure 7:3 Radiation Equiulibrum Thermocouple entry located at the top of the copper 
clamp. 
 
7.2 K-type thermocouples 
Thermocouples used on the tubular test section (Omega ‘cement on’ K Chromega-Alomega)  
and those used for the bulk fluid temperature measurements, were calibrated directly 
against a mercury thermometer inside a hot oil bath, in which the temperature was varied 
between 10 °C and 230 °C (high temperature silicone oil supplied by Sigma-Aldrich was 
used). This calibration is presented in Figure 7:4. The linear relationship between the 
readings of the thermocouples and the mercury thermometer provides a regression 
coefficient of determination of 0.9999, which indicates that the thermocouples are 
measuring reliably. 
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Figure 7:4 K-type thermocouple calibration. 
 
7.3 Level gauge 
In order to calibrate the tank level gauge, the gauge was immersed in a tall cylindrical tube 
while connected to the data acquisition board. The cylinder was then gradually filled with 
water and readings taken every 50 mm. These probe readings were the compared to the 
calculated expected values, taking into account the known overall probe length (750 mm). 
Results of this calibration check are shown in Figure 7:5 below. 
 
Figure 7:5 Level gauge calibration. 
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As can be seen from this Figure, the level gauge gives very consistent readings along its 
entire length with a regression coefficient of 0.9997 indicating high reliability. 
7.4 Pressure transducer – hydrostatic tests 
An additional analogue pressure gauge was installed on the vent line from the tank and 
readings from the absolute pressure transmitter were checked against this. Results of this 
check are shown in Figure 7:6 below. 
 
Figure 7:6 Absolute pressure transmitter check. 
 
Once again, the calibration check shows a steady linear relationship which indicates that 
measurements done using this probe should be reliable. 
After carrying out this check, a hydrostatic test was performed which consisted of leaving 
the tank pressurised at 8 bar(g) and then monitoring the system pressure for a period of one 
hour. The observed pressure constancy indicated that there were no leaks from the tank 
fittings. 
7.5 Flow meters 
Both flow meters used in the HIPOR facility were calibrated by the manufacturer (Yokogawa 
Ltd.) and all required documents including calibration certificates was attached to the Safety 
Case documentation. 
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7.6 Commissioning runs 
After completing the necessary instrument calibrations, described above, a series of rig 
commissioning tests were carried out using ParathemTM NF in both circuits, i.e. the main 
crude oil test circuit and the ParathemTM cooling loop itself. In the following sections, the 
results obtained from these runs are described and details of the procedure used for 
processing the obtained data are given. In each case, the rig commissioning tests were done 
according to the Standard Operating Procedure described in Chapter on Safety 
Considerations. 
A series of test runs was then carried out in the course of months following the completions 
of the construction stage.  The temperature profile for the tubular section shown  
in Figure 7:7 illustrates the consecutive stages undertaken in the course of a typical 
experiment. 
 
Figure 7:7 Sample commissioning run depicting consecutive load increasing stages. 
 
This particular test was conducted in five stages, as indicated in Figure 7:7 During the first 
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heater to raise the temperature of the system. During the second stage (B), one of the 
power supplies was turned on to start heating up the test sections. This was followed in the 
third stage (C) by turning on the second power supply, thereby increasing the supplied 
power. Finally, during the fourth stage (D), both power supplies settings were adjusted  
to generate maximum power input into the test sections. The final stage (E) was the shut-
down phase. 
As already indicated, ParathemTM NF was used as the fluid medium within the main test 
loop for the commissioning test described in this Chapter. Tabulated physical properties of 
ParathemTM are given in Appendix B.  Fitted linear regression models have been used to 
describe the relationships of density, thermal conductivity and specific heat capacity with 
temperature. A power-type regression function was found to be the most suitable to 
establish a relationship between viscosity and temperature. To obtain the most accurate fit, 
correlations had to be developed for three distinct temperature  
ranges (0 to 70 oC; 70 to 195 oC; and 195 to 340 oC which correspond to Figures B4 to B6 in 
the Appendix). Appropriate ParathemTM properties have been computed from these 
regression models to facilitate interpretation of the commissioning test results. 
The following detailed data analysis relates to the particular commissioning test for the time 
interval from 250 – 300 min in a stage similar to stage D on Figure 7:7, where close to steady 
state conditions were maintained. Key parameters have been checked against predictions 
during this steady state time interval. 
7.6.1 Flow rate measurement 
The following equation was used to estimate the mass flow rate in both of the test sections 
from the amount of energy transferred as heat  
  7:1 
        
The value of Q was calculated from readings of the power supplies according to  
the procedure presented below. 
First, the total power input from both power supplies was established for both the tubular 
and annular test section using: 
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  7:2 
        
   
Where the resistance R was calculated from: 
  7:3 
   
 
 
 
The dependence of resistivity ρ on temperature was described using the following function 
proposed by Yafei et al.[140]: 
  7:4 
                        
where ρ(T) is the electrical resistivity of material at temperature T, ρ0 is the electrical 
resistivity of material at temperature T0  and T is the temperature as the independent 
variable. 
Having logged the inlet and outlet temperatures (ΔT) of the test sections, it was then 
possible, by using the equations above, to calculate mass flow rate m. This calculated value 
was then compared with the measured flow-rate values: the results of these comparisons 
are shown in Figure 7:8 and Figure 7:9 below. 
 
Figure 7:8 Mass flow rate calculated from heat balance for tubular test section. 
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Figure 7:9 Mass flow rate calculated from heat balance for annular test section. 
 
As observed in Figure 7:8 and Figure 7:9, the measured values are in good agreement with 
the predicted values for both test sections. The visible discrepancies might have been 
caused by some unaccounted power losses on clamps or other parts of the Joule heating 
system. It is recommended that closer investigation of this phenomenon should form a part 
of the future work. 
7.6.2 Differential pressure measurements 
In order to calculate the estimated pressure drop in each of the test sections, gravitational 
and frictional components of the overall pressure drop were calculated using the method 
described in previous Chapter 3. 
The gravitational component was calculated using relationship: 
  7:5 
        
 
While frictional component was calculated from the pressure loss form of Darcy–Weisbach 
equation:  
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  7:6 
      
 
 
   
 
 
 
Where the Fanning friction factor coefficient, f, was defined as previously for the turbulent 
regime: 
  7:7 
              
and when in laminar regime as: 
  7:8 
  
  
  
 
Additional information was needed to calculate the offset of the measured values  
of pressure drop for the DP cells used.  First, the density of the fluid (DC 200 Silicone oil) 
used in the differential pressure transducer leads was established to be 968 kg/m3 under 
the test conditions. Second, the distance between the top and bottom pressure tapping 
points for was measured both the test sections.  
Appropriate values for ParathemTM density were computed from the density-temperature 
correlation presented in Appendix 11:2. 
 
Figure 7:10 Pressure drop in tubular test section 
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Figure 7:11 Pressure drop in annular test section. 
 
As shown in Figure 7:10 and Figure 7:11 above, the overall trend of measured pressure drop 
as a function of time follows the predicted value fairly closely, although some local offset 
between the two values is observable, particularly in the case of the annular test section. 
This offset is more significant especially in the first few minutes for both sections.  
This discrepancy is probably due to the geometry of the feed lines leading into the manifold, 
onto which the pressure transducers are mounted – see Figure 7:12 below. The pressure 
transducer is fitted onto one of the ½” feed lines leading in/out of the manifold. 
Accordingly, an additional value composed solely of the frictional pressure drop for that line 
was calculated, assuming equal volumetric flow rates in each of the feed lines. 
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Figure 7:12 Tapping point on the top part of the annular test section onto which a 
differential pressure transducers is fitted. 
 
 
 
Figure 7:13 Pressure drop in annular test section including the feed line correction. 
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As shown in the Figure 7:13, inclusion of the correction offset for the individual inlet 
segment improved the agreement between the calculated pressure drops and the measured 
values markedly.  
7.6.3 Overall heat transfer coefficient 
Lastly, the overall heat transfer coefficient U between heated wall surface and the test fluid 
was estimated for both of the test sections using data obtained from the commissioning 
test.  The following equation was used for calculation of the U value: 
  7:9 
  
 
        
 
In the case of the annular test section, Tw is the outside surface temperature of the heated 
inner tube computed from the reading of the Radiation Equilibrium Thermocouple 
positioned in the middle of the test section. For the tubular case, Tw, is the temperature of 
the inner surface of the heated tube wall estimated from the cement-on thermocouple 
readings. Tf is the average fluid temperature in the test section, and the heat gain of the 
fluid during passage along the test section, Q, was obtained from: 
  7:10 
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Figure 7:14 Overall heat transfer coefficient estimation in the tubular test section. 
 
 
Figure 7:15 Overall heat transfer coefficient estimation in the annular test section. 
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From the Figure 7:14 and Figure 7:15 above, the average values for U in the tubular  
and annular test sections were 185 W/m2K and 118 W/m2K respectively.  The average 
values of the mass flow rate measured during this test period were 0.18 kg/s for the tubular 
test section and 0.15 kg/s for the annular section. 
These measured heat transfer coefficients have then been compared with values predicted 
from a literature correlation of the format Nu = f(Re, Pr), using average temperature values 
to compute relevant fluid properties All the information used in the comparative 
calculations is tabularised in Table 7:1. 
Table 7:1 Calculation of U for a clean system. 
  Annular test section Tubular test section 
Fluid properties:    
Temperature: oC 112 107 
Density: kg/m3 823 826 
Dynamic Viscosity: Ns/m2 2.5 10-3 2.7 10-3 
Thermal Conductivity: W/m·K 0.099 0.100 
    
Heat transfer to clean pipe:    
Re number:  1310 3249 
Prandtl number:  57.5 60.8 
Nu = 0.023 Re^0.8 Pr^0.333  28 58 
h = Nu k/D W/m2·K 215 217 
 
The theoretical relationship for overall heat transfer coefficient is given by: 
  7:11 
 
      
 
 
 
   
where h is the fluid-side heat transfer coefficient computed from the Nu = f(Re, Pr) 
correlation, R is the resistance due to fouling assumed to be equal zero. It is important to 
note that h here is defined as the overall coefficient between heated outer surface and the 
bulk fluid, so takes no account of resistance within the heated wall itself. 
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Theoretical values for Uclean for the case of a clean heated wall, i.e. where R = 0, have been 
calculated for both test sections, yielding values of 215 and 217 W/m2K for the tubular and 
annular geometries, respectively.  Clearly there is significant variance between these 
theoretical values of U and those measured in the experiment, especially in the case of the 
annular test section. The differences will be due to fouling of the test surfaces by semi-solid 
deposits observed after the rig was dismantled and the test sections inspected. It is believed 
that residual oxygen in the system must have caused some degradation of the ParathemTM, 
since the operating temperature was well within the working range of this heat transfer 
medium.. The planned future investigations into the nature of the foulant and its properties 
(especially its thermal conductivity) should throw more light onto this issue. 
  
192 | P a g e  
 
 
Chapter 8 
 
8 Interpretation of data from an annular channel 
 
The HIPOR facility has two test section geometries, namely a tubular geometry and an 
annular geometry. The tubular geometry is clearly the closest to actual applications but 
the annulus design has a number of advantages which include: 
1. The test section can be removed from the rig and the fouling layer on its surface 
can be examined mechanically and chemically without destroying the test section. 
2. Very accurate wall temperatures can be measured for the heated inner surface 
using the radiation equilibrium thermocouple method and the distribution of such  
temperatures can be determined as a continuous function of distance along the 
test section.  
3. The thickness of the surface fouling layer can be measured as a function of time 
during the operation of the experiment using the dynamic thickness gauge. 
To process and apply the data from the annulus test section, two important (and related) 
parameters need to be estimated: 
1. The effective roughness of the fouled (inner) surface. The effect of fouling on 
pressure gradient in tubular heat exchangers is very important. If the effective 
roughness of the fouled surface is known, then the pressure gradient is readily 
calculated for the tubular case.  
2. The shear stress at the fluid-fouling layer interface. In many models for fouling,  
the removal rate of the deposit (which, of course, equals the deposition rate for an 
equilibrium fouling layer) is commonly related to the shear stress (see Chapter 2).  
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The question arises as to how these important parameters can be estimated from the 
measured flow rate and pressure gradient. Basically, two methods have been adopted to 
address this question: 
1. An analytical method derived by Hewitt [144] has been adapted for the present 
case. In this method, the annular channel is divided into two zones, one adjacent to 
the (smooth) outer surface of the annulus and the other adjacent to the (rough) 
inner surface. This method allows the calculation of the shear stresses (and hence 
friction factors) on each surface for the known values of pressure gradient and flow 
rate. Since the Reynolds number for each zone is also calculated, the effective 
roughness height of the inner surface is calculated and this value may be used in 
estimating pressure gradient for an equivalent tubular case. This analytical method 
contains the implicit assumption that the positions of zero shear and maximum 
velocity are identical.  
2. A Computational Fluid Dynamics (CFD) method in which the flow is modelled using 
the ANSYS-CFX code. This computational method models the turbulent flow in the 
annulus for a known pressure gradient and roughness height on the inner surface. 
The output is the flow rate which can be compared with the measured flow rate. 
The value of roughness height on the inner surface can be adjusted until the 
solution agrees with both the measured flow rate and the measured pressure 
gradient. The final value of roughness height (and also the associated shear stress 
value for the fouled surface) are the required solutions to the problem. In the CFD 
solution, the first calculations were with the k-Ɛ model which uses the Boussinesq 
assumption that the turbulent diffusivity is isotropic. By definition, this implies that 
the position of maximum velocity and zero shear are identical. When the 
roughnesses of the two surfaces are very different, the position of the conditions of 
zero shear and maximum velocity may be different. To investigate this, calculations 
were also performed with a Reynolds Stress model which does not contain the 
Boussinesq assumption.  
In what follows, analytical model is described in Section 8.1 and the application of this 
model to a case representative of the conditions expected on the HIPOR facility is described 
in Section 8.2. The bases of the CFD model are described in Section 8.3 and results using this 
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model to predict the test case are given in Section 8.4. Brief conclusions from these 
modelling exercises are given in Section 8.5. 
 
8.1 The analytical model 
The model developed by Hewitt [144] was aimed at the analysis of pressure drop data from 
tests on fuel rods from the Advanced Gas Cooled nuclear reactor (AGR). These tests were 
performed in annulus test sections of the form illustrated in Figure 8:1 (this original diagram 
had British Units – SI units have been employed in what follows).   
Hewitt [144] considered the annulus to be divided into two halves as illustrated  
in Figure 8:2.  
 
 
Figure 8:1 AGR geometry investigated by Hewitt[144]. 
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Figure 8:2 Geometry defined by Hewitt [144]. 
 
The inner and outer radii are r01 and r02 and the velocity reaches a maximum at rm;  
in the assumptions of the model, the shear stress is zero at this position. Hewitt [144] 
defined the following parameters for the inner (rough- subscript 1) and outer (smooth – 
subscript 2) regions respectively: 
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In the above equations, de1 and de2 are the equivalent diameters of the inner and outer 
regions, U1 and U2 are the average velocities in the inner and outer regions, ρ and µ are the 
density and viscosity of the flowing fluid and τ01 and τ02 are the shear stresses on the inner 
and outer surfaces. F1 and F2 are the friction factors (note that F=f/2 where f is the Fanning 
friction factor). 
 
The shear stresses are readily determined from a force balance as follows: 
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Where (dp/dz) is the pressure gradient. From the above it follows that: 
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The above equations are insufficient to allow prediction of all the quantities and 2 further 
equations are required. Hewitt [144] provided the necessary equations by invoking  
the Velocity Deficiency Law. The equations derived from this law were as follows:  
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where   
 is the friction velocity for the inner surface which is defined as: 
  8:12 
  
  √      
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] 
where   
 is the friction velocity for the outer surface which is defined as: 
  8:14 
  
  √      
In the above equations, k is the von Karman constant; Hewitt assumed that k=0.368 and this 
value has been retained in the present work. The above equations can be combined to give 
the ratio of the inner and outer velocities as follows: 
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To solve the above equations, it is assumed initially that U1=U2 and that F2 is given by a 
smooth pipe friction factor calculated for the whole channel. This allows an initial value of rm 
to be estimated and this value is used in calculating F1 . This value is then used in calculating 
U1/U2 and, from a mass balance, the individual velocities can be calculated. This allows the 
re-estimation of F2 and the procedure is repeated iteratively until constant values are 
calculated for all the variables. An example of the iteration was given by Hewitt [144] in 
British units. This example was repeated in SI units using an EXCEL spread sheet to confirm 
consistency and these results are given in Table 8:1. The results were in good agreement 
with those given by Hewitt (1964).  
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Table 8:1 Reproduction of iteration of Hewitt (1964) (SI units) 
 U1 U2 de1 de2 Re1 Re2 F1 F2 rm U1/U2 
1 41.6662 41.6662  0.00506  123096 0.01290 0.00207 0.00754 0.877 
2 40.5796 46.2857 0.01010 0.00162 239373 43797 0.01157 0.00274 0.00726 0.901 
3 40.2907 44.7053 0.00859 0.00265 202103 69214 0.01259 0.00247 0.00738 0.887 
4 40.3307 45.4442 0.00922 0.00222 217118 58974 0.01225 0.00256 0.00734 0.892 
5 40.3005 45.1776 0.00898 0.00238 211415 62863 0.01239 0.00252 0.00735 0.890 
6 40.3099 45.2838 0.00908 0.00232 213622 61359 0.01234 0.00254 0.00735 0.891 
7 40.3059 45.2433 0.00904 0.00234 212771 61939 0.01236 0.00253 0.00735 0.891 
8 40.3074 45.2590 0.00905 0.00234 213099 61715 0.01235 0.00253 0.00735 0.891 
9 40.3068 45.2530 0.00905 0.00234 212973 61801 0.01235 0.00253 0.00735 0.891 
 
 
8.2 Application of analytical model to analysis of HIPOR data.  
For the HIPOR annulus test section, and for a typical oil flow, the following typical values of 
parameters would or might apply:  
r01 =0.01111 m  
r02 = 0.01754 m 
-(dp/dz) = 4499.68 Pa/m 
ρ = 721.81 kg/m3 
µ = 3.3E-4 Pa s 
Using these values and carrying out a similar iteration to that shown in Table 8:1, the results 
were as shown in Table 8:2 
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Table 8:2 Iterative solutions for a typical oil flow case 
It U1 U2 de1 de2 Re1 Re2 F1 F2 rm U1/U2 
1 2.5000 2.5000  0.01286  70322 0.00439 0.00246 0.01487 0.977 
2 2.4728 2.5308 0.01761 0.00985 95224 54549 0.00414 0.00261 0.01462 0.985 
3 2.4802 2.5191 0.01625 0.01071 88178 59011 0.00424 0.00256 0.01471 0.982 
4 2.4774 2.5230 0.01672 0.01042 90578 57491 0.00421 0.00257 0.01468 0.983 
5 2.4783 2.5217 0.01656 0.01051 89789 57991 0.00422 0.00257 0.01469 0.982 
6 2.4780 2.5221 0.01661 0.01048 90050 57826 0.00421 0.00257 0.01468 0.983 
7 2.4781 2.5220 0.01660 0.01049 89964 57880 0.00421 0.00257 0.01469 0.983 
8 2.4780 2.5220 0.01660 0.01049 89992 57862 0.00421 0.00257 0.01469 0.983 
9 2.4780 2.5220 0.01660 0.01049 89983 57868 0.00421 0.00257 0.01469 0.983 
10 2.4780 2.5220 0.01660 0.01049 89986 57866 0.00421 0.00257 0.01469 0.983 
11 2.4780 2.5220 0.01660 0.01049 89985 57867 0.00421 0.00257 0.01469 0.983 
12 2.4780 2.5220 0.01660 0.01049 89985 57867 0.00421 0.00257 0.01469 0.983 
 
As will be seen from Table 8.2, the value of F1  calculated from the iteration for this case is 
0.00421 and the values of velocity and Reynolds number are respectively U1 = 2.478 m/s and 
Re1=89985. The (required) shear stress on the inner surface is obtained as:  
  8:16 
         
   0.0421×721.81×2.4782=18.68 Pa 
As was also mentioned above, it is important to be able to calculate the roughness height of 
the fouled surface. A number of equations are available in the literature for such a 
calculation. A good source for such equations is the review of Gersten [145]. Perhaps the 
most widely used equation is the (implicit) Colebrook-White equation which is as follows:  
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However, the implicit nature of this equation makes it difficult to use. Fortunately, a number 
of explicit equations exist which give a good fit to the Colebrook-White equation and one 
such equation is that of Miller:  
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For fully rough pipes (where the Reynolds number no longer affects friction factor, the von 
Karman equation may be used: 
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In the above equations Ɛ is the roughness height. For a value of F1 of 0.00421 as given in 
Table 8.2, the Miller and von Karman equations give values for Ɛ/de of 6.99E-3 and 7.01E-3 
respectively, indicating that the flow is nearly fully rough in the zone adjacent to the fouled 
surface. Using the value calculated from the von Karman equation and using the value of de1 
given by the iteration (Table 8.2), the value of Ɛ is calculated as 0.116 mm.          
 
8.3 Basis of CFD 
Computational Fluid Dynamics (CFD) codes are increasingly proving useful in a wide variety 
of applications. To evaluate a fluid problem CFD code involves completing following stages.  
First, the flow and related phenomena are described by partial differential equations which 
complexity prohibits an analytical solution. These equations are then discretized to produce 
a numerical analogue of the equations. The domain is then divided into small grids or 
elements. Finally, the initial conditions and the boundary conditions of the specific problem 
are used to solve these equations. The solution method can be direct or iterative.  In 
addition, certain control parameters are used to control the convergence, stability, and 
accuracy of the method.  The accuracy of the obtained solution depends on the precision of 
discretization used. 
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8.3.1 Principal equations 
The basic equations for the incompressible fluid are listed in following part of the Chapter. 
Mass conservation 
The rate of accumulation of material in control volume (       
  
  
) in Cartesian 
coordinates: 
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This continuity equation can be written as: 
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Momentum equations 
For same control volume the x component of the momentum can be described as: 
*
 ate of momentum 
accumulation
+  *
 ate of 
momentum in
+  *
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+  [
Sum of forces 
acing on system
] 
Where rate of momentum accumulation can be defined as: 
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The net momentum gain by convection is: 
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net momentum gain due to viscosity can be written as: 
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the pressure force being defined as: 
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while the gravity force as: 
  8:26 
           
therefore, 
  8:27 
 
   
  
   *  (
   
  
 
   
  
 
   
  
)    
   
  
   
   
  
   
   
  
+  
  *
    
   
 
    
   
 
    
   
+  
  
  
     
The continuity equation may be incorporated into this equation therefore simplifying it. 
Equations similar to Equation above can be derived for the y and z directions and combined 
to form the Navier-Stokes equations presented below: 
x-component can be expressed as: 
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y-component as: 
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and finally the z-component: 
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8.3.2 Turbulence modelling 
While carrying out the time averaging operation on the momentum equations, six added 
unknowns (the Reynolds stresses) are obtained, in the time averaged momentum 
equations. Hence turbulence modelling is required to calculate the Reynolds stresses. A 
turbulence model is a computational procedure to close the system of mean flow equations 
so that a variety of flow problems can be calculated. Turbulence models can be categorised 
into two classes, eddy viscosity models and second order closure models. 
Two-equation turbulence models (such as k-ε model) offer good predictions of the 
characteristics and physics of most flows of industrial relevance. In flows where the 
turbulent transport or non-equilibrium effects are important, the eddy-viscosity assumption 
is no longer valid and results of eddy-viscosity models might be inaccurate. Reynolds Stress 
(or Second Moment Closure (SMC)) models naturally include the effects of streamline 
curvature, sudden changes in the strain rate, secondary flows or buoyancy compared to 
turbulence models using the eddy-viscosity approximation. Compared to the k-ε model, the 
Reynolds Stress model has six additional transport equations that are solved for each 
timestep or outer coefficient loop in the flow solver. The source terms in the Reynolds 
Stress equations are also more complex than those of the k-ε model. 
8.3.2.1 k-ε model 
In the k-ε model the turbulence velocity scale is computed from the turbulent kinetic 
energy, obtained as a result of solving its transport equation. The turbulent length scale is 
estimated from two properties of the turbulence field - that is turbulent kinetic energy and 
its dissipation rate. The dissipation rate of the turbulent kinetic energy is provided from the 
solution of its transport equation. 
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k in the k-ε stands for turbulence kinetic energy and is defined as the variance of the 
fluctuations in velocity. ε is the turbulence eddy dissipation (the rate at which the velocity 
fluctuations dissipate). Two additional variables are introduced in this approach. 
The continuity equation can be written as: 
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And the momentum equation becomes: 
  8:32 
    
  
 
 
   
(     )   
   
   
 
 
   
*    (
   
   
 
   
  
)+     
Sm is the sum of body forces, µeff is the effective viscosity accounting for turbulence and p
’ is 
the modified pressure which can be defined as: 
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Last term of this Equation involving divergence of velocity is neglected in ANSYS CFX code 
(this postulation is true only for incompressible fluids). 
Since the k-ε model is based on the eddy viscosity concept one can µeff express as: 
  8:34 
          
where µt represents turbulence viscosity. Following relation illustrates how k-ε model 
relates the turbulence viscosity to the turbulence kinetic energy and dissipation: 
  8:35 
      
  
 
 
Where Cµ is a constant. 
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Eventually k and ε can be calculated from the differential transport equations for  
the turbulence kinetic energy and turbulence dissipation rate: 
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Where Cε1, Cε1, σk and σε are constants. Pkb and Pεb represent the effect of buoyancy and Pk 
corresponds to production of turbulence due to viscous forces and can be expressed as: 
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8.3.2.2 Buoyancy  
Terms Pkb and Pεb can be expressed by following equations depending if the full buoyancy or 
the Boussinesq model is used. 
In the full buoyancy case is being considered Pkb term can be written as: 
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while in the latter case: 
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The Pεb term is computed as: 
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8.3.2.3 Reynolds Stress Turbulence Model 
Reynolds Stress Model differs from k-e model due to the eddy viscosity not being used  
in the computation process. Instead equation for the transport of Reynolds stresses in the 
examined medium is being solved. This process is performed for each individual stress 
component.  
The mean velocity can be expressed through Reynolds averaged momentum equations: 
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(     ̅̅ ̅̅ ̅)      
p” in this equation represents modified pressure, Sm is the sum of body forces and      ̅̅ ̅̅ ̅  
is the fluctuating Reynolds stress contribution. In comparison with eddy viscosity models 
there is no turbulence contribution in the expression for modified pressure. Following 
equation is valid: 
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In the case of differential stress model,      ̅̅ ̅̅ ̅  has to satisfy a transport equation.  
This involves solving separate transport equation for each of the six Reynolds stress 
components. The differential Reynolds stress equation can be written as: 
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Where     and       represent shear and buoyancy turbulence production terms of  
the Reynolds stresses respectively,    is the pressure-strain tensor and C is a constant. 
Key term in the Reynolds stress model in Equation is the pressure strain correlation    
which can be written as a sum of: 
  8:45 
                
Where first term is known as return-to-isotropy term and the second is the rapid term. 
207 | P a g e  
 
The SSG model uses a quadratic relation for the pressure-strain correlation and its general 
form might be written as: 
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Where the     is the anisotropy tensor,     is the mean strain rate tensor and     is  
the vorticity tensor. These parameters can be defined as follows: 
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The constants for the SSG model are listed in Table below: 
Table 8:3 SSG model constants. 
Model                             
SSG 1.7 -1.05 0.9 0.8 0.65 0.625 0.2 
 
8.4 Application of CFD modelling to the annulus case 
The above turbulence models were applied to the prediction of the annulus case using the 
CFD code ANSYS-CFX. The application of the code is through a periodic boundary condition 
method. The pressure gradient is specified as is the roughness height of the inner surface. 
The code then iterates on the flow rate until the required pressure gradient is obtained. 
Thus, for the oil flow example examined using the analytical method (see Table 8.4), the CFX 
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code calculates the values shown in Table 8:4 using the appropriate oil physical properties, a 
pressure gradient of 4499.68 Pa/m and a roughness height of 0.116 mm.  The results from 
the analytical model are also shown in Table 8:4 for comparison.  
As will be seen from Table 8:4, the CFX predictions from the oil flow example are in very 
good agreement with the calculations from the analytical/iterative method. The results 
obtained using the SSG model show the closest agreement.  
Table 8:4 Comparison of results from calculations with CFX and the results obtained using 
the analytical/iterative method described in Section 2.2 
 U1 U2 de1 de2 Re1 Re2 F1 F2 rm U1/U2 
k-ε 2.7053 2.3408 0.01678 0.01038 99264 53146 0.00372 0.00294 0.01472 1.156 
SSG 2.5470 2.6993 0.01604 0.01085 89343 64047 0.00420 0.00221 0.01458 0.944 
It 2.4780 2.5220 0.01660 0.01049 89985 57867 0.00421 0.00257 0.01469 0.983 
 
The CFX code provides information about the distribution of velocity and the components of 
shear stresses (i.e. the Reynolds stress and the viscous shear stress). In the central zone of 
the annulus, the shear stress is dominated by the Reynolds (turbulent) shear stress as is 
exemplified by the results shown in Figure 8.3 for the SSG model. The viscous shear 
becomes more significant in the near wall regions as shown.  
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Figure 8:3 Shear stress components and velocity distribution calculated for the oil flow 
example (see Section 8.2) using the SSG turbulence model 
 
It is interesting to compare the predictions of the two turbulence models and such 
comparisons are shown in Figure 8:4.  
 
Figure 8:4 Comparison of the velocity profiles predicted for the oil flow example using the 
SSG  (red) and k-ε (green) models. 
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As will be seen from Figure 8.4, the velocities predicted by the k-ε model are somewhat 
lower than those predicted by the SSG model, consistent with the averaged results shown in 
Table 8:4.  
An interesting question concerns the respective locations of the planes of zero shear and 
maximum velocity. In the analytical model, these planes are assumed to be at the same 
location. In the k-ε model, the adoption of the Boussinesq assumption of isotropic turbulent 
viscosity would also indicate that the planes of zero shear and maximum velocity should be 
at identical locations; a detailed examination of the CFD results confirms that this was the 
case in the calculations.  However, with the dissimilar roughnesses on the inner and outer 
surfaces, the k-ε model may not give an adequate representation of the flow field and it is, 
therefore, interesting to compare the results from the k-ε model with those obtained using 
the SSG (Reynolds Stress) model where the Boussinesq assumption is not made.  
Close examination of the results obtained with the SSG model revealed that, indeed, there 
was a difference in the locations of the planes of maximum velocity and zero shear. 
However, the difference in location was small (around 0.8 % of the annular gap).  
Thus, the calculations show that an assumption of the co-location of the planes of maximum 
velocity and zero shear is likely to be a reasonable one.  CFD calculations were also carried 
out using the SSG model for the original (AGR) example studied by Hewitt [144] (see Section 
8.1) and showed that the difference in the locations of the planes off maximum velocity was 
greater for this case but still relatively small (around 2% of the annular gap).  
8.5 Conclusions 
Methodologies have been investigated for calculation of shear stress and interfacial 
roughness height for the inner surface of the annular test section used in the HIPOR facility. 
Two approaches were studied, one based on an analytical/iterative method developed  
by Hewitt [144] and the other based on the application of a commercial CFD code (ANSYS-
CFX). It was found that the results from the analytical and CFD models were in reasonable 
agreement. The results obtained from the CFD model were somewhat sensitive to  
the turbulence model used and it would seem that, for routine processing of the data,  
the analytical/iterative model is probably adequate.  
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Chapter 9 
 
9 Chemical aspects 
 
In this Chapter, some of the tests performed on the crude oil blend to be used in the HIPOR 
facility will be discussed. These will range from basic solid content analysis, through SARA 
analysis results (and therefore Colloidal Instability Index (CII) estimation), up to tests done in 
collaboration with Nalco; in particular, crude compatibility determination and thermal 
destabilization testing, using the Hot Liquid Process Simulator. Additionally, a non-standard 
High Temperature Oil Flocculation Test will be described and its future potential value 
discussed. 
9.1 Introduction 
Nine barrels of a desalted crude oil blend have been supplied to the HIS ESDU CROF Working 
Party by Petronas, for use by its members. Nalco is a subscriber to this Working Party,  
thus 10 liters of this blend has been sent to their research laboratory at Fawley,  
for characterization and fouling studies, some of which were done in collaboration with the 
author . 
9.2 Filterable Solid Content 
In the original test done on the sample send to Nalco, it was discovered that the crude oil 
blend has a filterable solids content of 287 ppm, according to the ASTM D4807. This is 
considered to be very high for a desalted crude oil sample. However, it has been revealed 
subsequently that the particular crude oil blend sent by Petronas was considered 
problematic in the refinery and, additionally, the de-salter unit used on site was 
malfunctioning at the time of sample collection, which might have caused the measured 
value to be so high. In general, refineries consider it undesirable to run crude oil with such 
high solid content through the crude preheat train. Values below 100 ppm are sought after 
usually. 
212 | P a g e  
 
A comparison of the Petronas crude blend with three non-desalted crude oils is presented in 
Table 9:1, below for illustration purposes. 
Table 9:1 Comparison of Petronas crude with three non-desalted crude oils. 
 Origin Filterable solids (ppm) 
Petronas Blend CROF ESDU 287 
Roncador  Brazil 340 
Dalia  Nigeria 256 
Maya  Mexico 186 
 
In the course of the project, a considerable amount of time has passed since the 9 oil drums 
were delivered on site (two years). Thus it was decided to perform a repeated measurement 
of filterable solid content, this time without stirring/mixing the content of the drums and 
taking samples from a depth of 20 cm from the surface, in the hope that some suspended 
solids had settled in the drums. This would provide a ‘cleaner’ (in terms of suspended solids) 
layer of crude oil which could be then decanted from several drums, and mixed to create  
a batch to be used in the first crude oil run in the HIPOR facility. After performing these 
initial measurements, three drums were taken under further consideration due to their low 
filterable solid content.  
After decanting from the chosen oil drums, the samples were mixed together and new set of 
measurements conducted. Results of these measurements are shown in Figure 9:1 below. 
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Figure 9:1 Filterable solid content in ppm of samples taken from three barrels. 
 
After performing this set of measurements, it was decided to blend equal quantities of oil 
from drums 7 and 9. These samples were later examined using the Fouling Potential 
Analyser – results of which are described in Section below.  
9.3 SARA analysis 
The sample was sent to external specialist (Weaterhford Laboratories) for the SARA analysis 
to be carried out. The results of this analysis are included in the Table 9:2 below. 
Table 9:2 Petronas crude oil SARA analysis results. 
WT% SAT WT% ARO WT% NSO WT% ASP WT% Topping Loss %Oil Accounted For 
46.4 37.09 9.68 3.06 0 96.24 
 
The Colloidal Instability Index method for interpreting SARA, which is described in the 
Literature Review, is defined as the mass ratio of the sum of asphaltenes and its flocculants 
(saturates) to the sum of its solubility classes (resins and aromatics) in a crude oil. Thus: 
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In the case of the Petronas crude blend, the CII value was calculated to be 1.06. However, 
studies generally indicate that only crude oils with CII values greater than two are likely to 
foul heavily, which suggests that the Petronas crude does not belong to this category. 
Furthermore, other specialised tests, described in the paragraphs below, seem to support 
this finding. 
9.4 Crude compability – Fouling Potential Analyser 
The Petronas crude was tested using the Fouling Potential Analyser (FPA). This instrument 
titrates the oil sample with an n-alkane solvent until the asphaltenes are destabilised, and 
precipitate out of solution. The progress of the titration is monitored by an optical probe. 
With solvent dilution, more light may pass through the solution (across the probe’s path 
length) and so the instrument reads an increase in light transmittance. At the point where 
asphaltenes begin to precipitate, the light transmittance decreases as the beam is blocked. 
The flocculation point indicates how stable the asphaltenes are in the oil sample. As a 
general rule, the more unstable the asphaltenes (low volume of titrant at flocculation), the 
more susceptible the oil is to asphaltene fouling during processing. The particular Fouling 
Potential Analyser (FPA) used employs a new fibre optic probe (~980 nm wavelength,  
0.5 mm path length) to monitor the transmittance of a solution. 10 ml of sample is placed 
into an aluminium beaker and titrated against iso-octane (2,2,4-Trimethyl-pentane). Typical 
traces highlight an initial upward slope corresponding to a period of dilution. Should 
flocculation of asphaltenes occur, a downward slope will be observed resulting in a 
maximum. The volume of iso-octane added at this maximum is related to the stability of the 
asphaltenes. The amount of solvent added at the peak maximum is noted and converted to 
an ‘FPA Value’ by the new FPA instrument software. This allows a direct comparison of 
crude oils and refinery slates, and indicates the fouling tendency due to asphaltene 
destabilisation of the crude prior to refinery processing. The instrument has been used by 
Nalco for many years, and a relative scale of fouling severity has been identified, as indicted 
in Table 9:3 below. 
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Table 9:3 FPA value range. 
FPA Value Predicted Fouling 
<30 Severe 
30-40 High 
40-60 Medium 
60-70 Low 
70-100 Very low 
 
With the FPA instrument, when a graph does not have a distinct flocculation point, another 
run can be carried out with a ‘neutral’ titrating solvent such as cyclohexane. Overlaying the 
two graphs, and noting where they deviate, enables an approximate FPA value to be 
estimated. 
 
The first FPA testing done on a sample taken from one of the newly-received Petronas oil 
drums resulted in a value 44, classifying it as a medium fouling potential blend by 
asphaltene destabilization (Table 9:4). 
Table 9:4 Petronas oil first sample FPA result. 
Sample Volume 10.00ml 
Titrant i-Octane 
FPA Value 44 
Fouling Potential Medium 
 
Consequently, a similar set of tests was performed on the initial crude oil samples (taken 
from barrels 7 and 9) to be used for the first HIPOR run. These samples were pumped in 
equal amount to four separate 25l barrel and thoroughly mixed. Results of these tests are 
shown in Figure 9:2 below. Additionally regions for samples of crude oils representing low 
and high fouling potential were marked on the graph for illustration purposes. 
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Figure 9:2 FPA method results. 
 
Table 9:5 FPA values of four low suspended solid samples. 
Sample Volume (ml) 10 10 10 10 
Titrant i-Octane i-Octane i-Octane i-Octane 
Volume @ Flocculation (ml) 9.25 9.6 10 10.25 
FPA Value 48 49 50 51 
Fouling Potential Medium Medium Medium Medium 
 
The results of these tests are in agreement with the previous result done for on the 10 l 
sample and thus lead to a conclusion that all four 25 l samples could be mixed, to create a 
first batch of crude oil to be used in the HIPOR facility. 
9.5 Thermal Destabilisation – Hot Liquid Process Simulator 
Fouling studies performed at Nalco Energy Services at Fawley typically utilise their Alcor Hot 
Liquid Process Simulator (HLPS) to investigate the fouling potential in crude oil blends. 
Findings from these studies have shown the HLPS to be ideal for fouling research. Basically, 
the simulator is a versatile bench-scale heat exchanger that can be used to simulate the 
fouling tendency, and test dispersant formulations, for crude oil and representative process 
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streams. The HLPS has been used to characterise the Petronas crude oil blend and 
investigate its fouling potential. 
9.5.1 Experimental procedure 
HLPS experiments were performed according to following procedure: the 3-hour soaking 
temperature was preset to either 400 or 500 °C. The test sample is shaken gently by hand 
and 850 ml decanted into the steel storage tank of the HLPS instrument. Brand new carbon 
steel test rods are used for each experiment and the o-rings in the test piece replaced after 
each run. The control thermocouple is inserted into the rod to the ‘45’ position on the 
vertical scale. Figure Y below shows a picture of the HLPS series 400, indicating the inlet, 
outlet and rod thermocouple locations. 
 
Figure 9:3  HLPS apparatus. 
 
After an experiment, all the oil in the storage tank is drained and the apparatus cleaned. 
With the test rod still in place, the apparatus is then reconnected and flushed through with 
toluene or xylene at a flow rate of 10 ml/min for 30 minutes. The test piece is then removed 
for further examination. 
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9.5.2 Results 
The first two results from the HLPS experiments, based on standard test methodology are 
shown below in Table 9:6. 
Table 9:6 HLPS experiments 
Test details p (bar) Inlet stream  
TC1 (°C) 
Rod TC3 (°C) dT at outlet stream 
TC2 (°C) 
400 °C soak 34-35 58-60 399/400 0 
500 °C soak 33-36 56-58 499/500 5 
 
The data shows that a stable rod temperature (TC3) was achieved for the duration of each 
of the experiments. The pressure range (p) for each experiment was kept between 31 and  
38 bar(g) and the variation across the range kept as small as possible, to the best ability of 
the operator and within the limits of the apparatus. 
The temperature range of the inlet stream (TC1) was monitored throughout each 
experiment. Small variations in these temperature ranges exist from experiment to 
experiment; however, these variations are considered low as the inlet temperature 
remained between 56 and 58 °C in all of the experiments. 
A large temperature drop (dT) at the outlet thermocouple (TC2) over the duration of the 
test is indicative of a high fouling stream. If any foulant is formed, it will insulate the rod 
from the stream resulting in poorer heat transfer and a decrease in measured TC2. 
The HLPS result of 0 °C after a 3-hour soak at 400 °C (Figure 9:4) is considered to be low 
fouling. Visual inspection of the rod after the test highlighted a thin, shiny, black deposit film 
that began to peel off the rod on standing in air. 
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Figure 9:4  400 °C 3 h soak 
 
The HLPS result of 5 °C after a 3-hour soak at 500 °C (Figure 9:5) is also considered to be low 
fouling. The soaking temperature is well above that known for coking reactions and the 
cleavage of carbon-carbon bonds. Evidence of some coking on the test rod was present on 
visual inspection after this experiment. A black, matter deposit was observed towards the 
hotter section of the rod. As with the previous experiment, a shiny, black deposit film was 
evident, although this was concentrated further down the test rod. 
 
Figure 9:5 500 °C 5 h soak. 
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A third HLPS experiment using a new method was performed whereby the test rod was 
heated from 80 to 420 °C over a 200-minute period (Figure 9:6). A potential advantage of 
this method is that it provides a specific temperature at which a crude oil appears to begin 
to foul therefore giving clear fouling potential differentiation. In this case there was no 
deviation from linear, indicating no fouling. The TC2 temperature increased linearly with the 
TC3 control. A black tarnish was evident on the test rod after the experiment and very small 
black spots (possibly onset of fouling) were observed at the hotter, top section of the rod 
test section. 
 
Figure 9:6 Ramp up test from 80 to 420 °C. 
 
The final HLPS experiment utilised the apparatus in recycle mode. 100 ml of the crude oil 
blend was recycled over the test rod under the same temperature, flow rate and pressure 
conditions as the 400 °C soak test (Figure 9:7). After approximately 50 minutes at the 400 °C 
soaking temperature, the TC2 thermocouple began to indicate that fouling was occurring. 
Over the subsequent period of approximately 3 hours, evidence of catastrophic fouling was 
observed as the TC2 temperature plummeted whilst the TC3 temperature remained 
constant at 400 °C. 
At a dT of around 158 °C the HLPS apparatus automatically shutdown as it was unable to 
control the temperatures as per the pre-determined program. Visual inspection of the rod 
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after this experiment showed an extremely large amount of black deposit that covered 
almost the entire test section. 
 
Figure 9:7 Recycle at 400 °C. 
 
This recycle method may be a way to differentiate between crude oil samples showing no 
fouling, using standard procedure and traditional once-through methods. The recycle 
soaking test temperature could be lowered to reduce the contribution to fouling from 
coking and to further investigate the fouling potential by other mechanisms. 
Profiles from all the HLPS experiments were detailed above, and a photograph of the all the 
rods after testing is shown below in Figure 9:8, for comparison. 
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Figure 9:8 Photograph of rods after the four different experiments. 
 
9.5.3 Summary 
From information obtained from Petronas, their crude oil blend is known to be a high 
fouling one. However, accelerated thermal fouling testing, using the HLPS test rig with a rod 
temperature of 400 °C, showed a dT reading of 0 °C. As the standard HLPS method for 
fouling simulation in crude oils was unable to show any fouling, more severe conditions 
were employed on the HLPS instrument. A HLPS experiment with a rod temperature  
of 500 °C showed a dT reading of 5 °C indicating some fouling which is most likely due to 
coking. A HLPS experiment with 100 mL of oil in recycle mode showed catastrophic fouling. 
The dT after several hours of soaking at a rod temperature of 400 °C was greater  
than 158 °C. This could be due to the recycling itself, oxidation of the oil or other factors. 
The rod was badly fouled on visual inspection after the test. It appears most likely that an 
oxidation mechanism may have contributed to the large amount of fouling observed in the 
HLPS recycle run. This suggests that when running the oil blend in the HIPOR rig, the sample 
and rig circuit should ideally be fully purged with nitrogen to remove the potential for 
sample oxidation. 
9.6 High Temperature Oil Flocculation Tests 
It was intended that this additional test would be performed on an apparatus made in-
house at the Nalco research facility. Unfortunately, it could be used only once due to 
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problems with the sealing of the optical system and, eventually, due to relocation of the 
Fawley laboratories abroad. 
9.6.1 Test Method 
The test apparatus consists of a 100 ml heated/stirred Parr High Temperature/Pressure 
Reactor.  The lid is fitted with a thermocouple, pressure sensor, titrant injection tube and 
fibre optic probe.  The optic probe operates in reflectance mode using a 1300 nm laser light 
source. A sample of 20 ml of crude oil is added to the reactor, which is then sealed and 
pressurised, at room temperature, to 8.3 bar g with nitrogen and locked in.  
The temperature is increased to the test temperature and hexadecane titrant is pumped 
into the cell via a HPLC pump at a flow rate of 2.0 ml/min.   
 
The optical transmission of the solution is then monitored via an optical probe. The light 
transmission is seen initially to increase, due to dilution of the oil with hexadecane.  
The titration continues until the maximum (inflection point) is reached indicating the onset 
of the precipitation of asphaltenes.   
9.6.2 Results   
Tests, following the method described in the paragraph above, were run over the 
temperature range from 19 to 300 °C;  result are shown in the Table 9:7 below.  
Table 9:7 High temperature oil flocculation tests results. 
Test temp 
(°C) 
Estimated error in 
end point 
End point dilution% with 
hexadecane 
Pressure at inflection 
point (bar) 
19.1 0.4 49.5 0.0 
105.0 8.0 53.3 11.7 
125.0 9.8 53.9 10.0 
200.0 7.1 57.1 11.7 
250.0 2.0 57.1 13.8 
300.0 1.1 53.5 13.1 
 
The “End point Dilution %” is the volume of hexadecane at the end point as a percentage of 
the assumed total liquid volume, which could be expressed as: 
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The “estimated error in end point” is a visual judgement of the possible error in identifying 
the end point due to signal noise.  
 
 
Figure 9:9 Asphaltene Flocculation point temperature trend. 
 
The trend depicted in Figure 9:9 above, appears to show an increase in the solubility of the 
asphaltenes with temperature up to about 240 °C, from which point onwards the solubility 
appears to decrease. However, in this test any change in solubility is probably confounded 
with a change in the composition of the liquid phase. It may be possible, in the future, to 
calculate the contribution of phase composition on this titration flocculation point from the 
detailed SARA compositional data and/or assay information of the crude, in addition to the 
test data (temp, press, and liquid-vapour volumes). The behaviour shown in the Figure 
above could potentially be explained in the following way: with increasing temperature, an 
increasing proportion of the crude oil is residing in the vapour phase.  These lower boiling 
point fractions will be predominantly aliphatic. The removal of these fractions into the 
vapour phase essentially increases the solubility of the system to asphaltenes, thus requiring 
a greater volume of hexadecane to reach the flocculation point.  At higher temperatures, 
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more aromatics components are in the vapour phase, thus reducing the solubility of the 
system to asphaltene solubility and requiring less hexadecane to induce flocculation. 
 
9.6.3 Summary 
It would be very advisable to carry out further test at a higher initial nitrogen pressure (in 
the region of 30 bar(g)) which will suppress to some extent the vaporisation of crude oil 
components. Results of this type of analysis, if considered reliable, could be a very 
interesting input for the SAFT model giving in result additional tool for prediction of 
asphaltene fouling. 
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Chapter 10 
 
Conclusions and recommendations 
 
The following main conclusions arise from the work described in this thesis: 
1. A survey has been conducted on the published literature on crude oil fouling and 
related matters and this confirms the need for research at a more realistic scale and, 
specifically, the need for a more appropriate facility in which to carry studies of 
fouling.  
2. The identification of the need for an improved crude oil fouling facility led to a 
design study for a major new oil fouling facility (HIPOR – High Pressure Oil Rig). The 
final design incorporated both tubular and annular test sections. Though the tubular 
test section is, of course, more directly representative of flow in a heat exchanger, 
the annular test section has advantages in ease of wall temperature measurement 
and in access to the fouling layer. It was decided to use Joule heating for the test 
sections; this provides and controlled and accurately measured heat fluxes and also 
facilitates accurate wall temperature measurement.  
3. High pressure, high temperature crude oil is a hazardous material and rig safety is 
obviously a prime concern. This concern led to extensive safety studies and one of 
the important conclusions from these studies was that the HIPOR rig should be 
enclosed in a containment cell which had a purged nitrogen atmosphere.  
4. The construction of the HIPOR facility according to the design and safety studies has 
been successfully completed.  
5. The HIPOR facility has been commissioned using a heat transfer fluid (ParathermTM) 
as a substitute for crude oil. These commissioning tests showed that the rig was 
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operating satisfactorily and that the control and instrumentation systems performed 
as required.  
6. Using the annulus geometry with the fouling layer forming on the inner surface, a 
methodology is required for estimation of the shear stress between the fluid and the 
fouling layer and also for the estimation of the effective roughness height of the 
fouled surface. Both analytical/iterative and CFD methods for achieving these 
estimates were investigated. There was an encouraging agreement between the 
alternative approaches and it seems that the analytical/iterative approach is 
adequate and it is concluded that data interpretation from the HIPOR facility should 
be carried out using this method.  
The following recommendations are made in the light of the work described in this 
thesis: 
1. The most obvious recommendation is that the HIPOR facility should now be used 
for a systematic and basic programme of study of crude oil fouling. This 
programme should be designed to meet the needs of the industry and it seems 
likely that the initial steps will include the following: 
 Performance of crude oil fouling measurements with both the tubular 
and the annular test sections with a variety of crude oils and at a range of 
flow rates, temperatures and pressures 
 Analysis of the data obtained in the light of existing models (with the aim 
of determining the parameters of these models) and also with the aim of 
establishing improved models.   
2. The HIPOR facility is suitable for use for investigating various fouling control 
methods based on the existing test sections and it is recommended that such 
investigations be pursued in consultation with industry. Such control methods 
could include:  
 The use of modified surfaces (for instance surfaces treated by ion 
implantation) as a means of reducing fouling.  
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 The use of mechanical devices mounted close to the surfaces to 
minimise fouling. These could include static devices (such as knitted 
wire inserts) or devices allowing some rotary or other motion.  
 The use of chemical additives in the crude oil to control the chemical 
conditions in order to minimise fouling.  
3. The HIPOR rig can be used as a generic source of hot, pressurised crude oil for 
investigating the fouling performance of advanced heat exchanger systems. For 
instance, negotiations are already under way for the use of HIPOR in the 
investigation of advanced high pressure plate-type heat exchangers.  
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Appendix A 
1 Rig construction stages 
Following Figures A:1-5 show consecutive progress stages of the HIPOR facility assembly. 
This process took more than 2 years to complete (including early commissioning stages). 
 
Figure A:1  Figure A 
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Figure A:2 Figure B 
 
 
Figure A:3 Figure C 
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Figure A:4 Figure D 
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Figure A:5 Figure E 
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Appendix B 
2 ParathermTM properties 
Various ParathermTM properties are tabularised below. 
Table B:1 Thermal conductivity and specific heat capacity of the ParathermTM 
 Thermal 
Conductivity 
Predicted Thermal 
Conductivity 
Specific Heat 
Capacity 
Predicted heat 
capacity 
°C W/m°K W/m°K kJ/kg°K kJ/kg°K 
0 0.106 0.106 1.73 1.73 
10 0.105 0.105 1.79 1.79 
20 0.105 0.105 1.84 1.84 
30 0.104 0.104 1.89 1.89 
40 0.104 0.104 1.94 1.94 
50 0.103 0.103 1.99 1.99 
60 0.103 0.103 2.04 2.04 
70 0.102 0.102 2.09 2.09 
80 0.101 0.102 2.15 2.15 
90 0.101 0.101 2.2 2.20 
100 0.100 0.101 2.25 2.25 
110 0.100 0.100 2.3 2.30 
120 0.099 0.100 2.35 2.35 
130 0.099 0.099 2.4 2.40 
140 0.098 0.099 2.45 2.45 
150 0.098 0.098 2.51 2.51 
160 0.097 0.098 2.56 2.56 
170 0.097 0.097 2.61 2.61 
180 0.096 0.097 2.66 2.66 
190 0.096 0.096 2.71 2.71 
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200 0.095 0.096 2.76 2.76 
210 0.095 0.095 2.81 2.81 
220 0.094 0.095 2.87 2.87 
230 0.094 0.094 2.92 2.92 
240 0.093 0.094 2.97 2.97 
250 0.093 0.093 3.02 3.02 
260 0.092 0.093 3.07 3.07 
270 0.092 0.092 3.12 3.12 
280 0.092 0.092 3.17 3.17 
290 0.091 0.091 3.23 3.23 
300 0.091 0.091 3.28 3.28 
310 0.09 0.090 3.33 3.33 
320 0.09 0.090 3.38 3.38 
 
 
Figure B:1 Specific heat capacity against temperature relation for Paratherm 
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Figure B:2 Thermal conductivity against temperature relation for ParathermTM 
 
Table B:2 Dynamic viscosity and density values of ParathermTM 
T µ µ - calculated ρ ρ -calculated 
oC cP cP g/cm3 g/cm3 
10 83 92.28 0.890 0.890 
24 32 27.55 0.881 0.881 
38 16 14.61 0.872 0.872 
52 9.4 9.47 0.863 0.863 
66 6 6.81 0.854 0.853 
79 4.2 4.30 0.844 0.845 
93 3.2 3.33 0.835 0.836 
107 2.6 2.68 0.826 0.826 
121 2.2 2.21 0.817 0.817 
135 1.9 1.86 0.808 0.808 
149 1.6 1.60 0.799 0.799 
163 1.4 1.39 0.789 0.789 
y = -0.000050x + 0.105508 
R² = 0.994557 
0.088
0.09
0.092
0.094
0.096
0.098
0.1
0.102
0.104
0.106
0.108
0 50 100 150 200 250 300 350
Th
e
rm
al
 c
o
n
d
u
ci
vi
ty
 (
W
/m
°K
) 
Temperature (oC) 
245 | P a g e  
 
177 1.2 1.22 0.780 0.780 
191 0.92 1.09 0.771 0.771 
204 0.79 0.81 0.762 0.762 
218 0.63 0.63 0.753 0.753 
232 0.53 0.50 0.744 0.744 
246 0.43 0.41 0.734 0.735 
260 0.35 0.33 0.725 0.725 
274 0.29 0.27 0.716 0.716 
288 0.24 0.23 0.707 0.707 
302 0.19 0.19 0.698 0.698 
316 0.16 0.16 0.689 0.688 
329 0.13 0.14 0.679 0.680 
343 0.11 0.12 0.670 0.671 
 
 
Figure B:3 Density against temperature for ParathermTM 
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Figure B:4 Viscosity against temperature for ParathermTM (10-65 oC range). 
 
 
Figure B:5 Viscosity against temperature for ParathermTM (70-195 oC range). 
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Figure B:6 Viscosity against temperature for ParathermTM (195-343 oC range). 
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Appendix C 
3 Annulus entrance configuration 
Using the annular test section, it was important to have confidence that the fluid was always 
uniformly distributed around the annulus.  Simply injecting the fluid a one point around the 
periphery was unlikely to achieve the desired uniformity and a better way needed to be 
found. This Appendix gives details of a Computational Fluid Dynamics (CFD) investigation 
(using the ANSYS-CFX code) of the entrance region flow patterns resulting from several 
different injection arrangements. The calculations were carried out based on the  properties 
of the API 35 crude oil, which was considered representative of the fluids to be used in the 
facility (the design calculations reported in Chapter 3 were also based on this type of oil).   
C.1 Data set used 
The CFX calculations were carried out using the k-ε turbulence model assuming a wall 
roughness on all surfaces of  0.1 mm for both surfaces. The properties of the crude oil at the 
assumed pressure of 30 bar(g) were as follows:  
Table C:1 Properties of API 35 crude oil 
Temperature oC 300  40 
Density kg/m3 661.27 834.61 
Dynamic Viscosity cP 0.25 4.31 
 
Details of the configurations calculated are given in Table C:2. Models B and C differed in 
positioning of the inlet channels in relation to bottom/top surface of the mixing block. In 
model A,  the inlets were placed centrally on the cylindrical surface of the mixing block 
(Figure C:1) while in model B they were placed so that the each inlet was offset from centre 
and located in proximity of the bottom/top surface (Figure C:1).  
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Table C:2 Model parameters. 
Model name No of inlets Inlet diameter [mm] No of nodes 
A 2 6 92389 
B 4 6 109040 
C 4 6 345168 
 
The number of nodes used for each calculation was sufficient to obtain reliable results on 
which comparisons could be based. 
 
B C  
Figure C:1 Illustration of models B and C (see table 3:2). 
 
C.2 Comparison between cases with two and four inlet ports with the inlet 
ports placed in the centre of the mixing block 
The results for mixing and flow development with two and four inlet ports with the ports 
being placed at the centre of the mixing block (cases A and B in Table C:2) are shown in 
Figures C:2 and C:3. These calculations were carried out for the higher crude temperature 
conditions (i.e. 3000C – see Table C:1).  
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Figure C:2 Velocity contour for the two inlet geometry. 
 
Figure C:3 Velocity contour for four inlet geometry. 
From the above Figures, the differences between the two geometries are clearly visible. The 
regions of stagnation are greatly reduced by using four inlet ports and a decision was made 
to adopt this approach. Attention was then focussed on the effects of the placement of the 
inlet ports relative to the start of the mixing block.  
C.3 Comparisons between different inlet positioning for the 4 inlet port 
case and effect of temperature 
A comparison of the predicted flow distributions for cases B and C (see Table C:2 and  
Figure C:1) are shown in Figure 3:3. Again, the calculations were carried out for the higher 
temperature conditions (3000C – see Table C:1) 
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B     C 
Figure C:3 Mixing in the manifold for two different inlet position (Cases B and C, Table C:2) 
The velocity values on the scale of all the graphs were kept the same to show the changes 
more clearly. The system with the inlet ports laced at the bottom of the mixing chamber 
(Model C) was chosen for implementation on the rig since it gave a more uniform 
distribution.    
A comparison was made between the cases (see Table C:1) of a high temperature (3000C) 
flow (as would exist when the rig has reached its operational state) and a low temperature 
(400C) flow which would occur in start-up. The results from this comparison are shown in 
Figure C.4. There are clearly more stagnant regions at the lower temperature. 
 
3000C      400C 
Figure C:4 Temperature effect on the model. 
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C.5 Development of flow along the annulus test section 
Considering a line along the middle of the annulus, the velocities along this line can be 
obtained from the CFD output. Figure 3.5 shows the development of the velocity as a 
function of distance for both the high temperature and the low temperature conditions.. 
 
3000C     400C 
Figure C:5 . Development of centre line velocity along the annulus 
Finally the mixing in the manifold was examined by making contour plots every 0.025 m. 
and the results obtained are shown in Figure C:6 below which was obtained for the 300 0C 
case. .  
Figures C:5 and C:6 show that the flow becomes uniform over a relatively short distance, 
which is desirable since it indicates that in the heated section (where the measurements will 
take place) flow should be fully developed.  
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Height of 0.0325m    Height of 0.1 m 
Figure C:6: Mixing in the manifold 
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Appendix D 
Labview Basics 
LabView programs are called virtual instruments (VIs). VIs contain three main components—
the front panel, the block diagram, and the icon and connector pane. 
The front panel is constructed out of controls and indicators, which are the interactive input 
and output terminals of the VI, respectively. Controls are knobs, push buttons, dials, and 
other input devices. Indicators are graphs, LEDs, and other displays. Controls simulate 
instrument input devices and supply data to the block diagram of the VI. Indicators simulate 
instrument output devices and display data that the input devices acquire or generate. 
After building the front panel, code is added using graphical representations of functions to 
control the front panel objects. The block diagram contains this graphical source code. Front 
panel objects appear as terminals (for e.g. ) on the block diagram. The terminal can 
only be removed after deleting its corresponding object on the front panel. Block diagram 
objects include terminals, subVIs, functions, constants, structures, and wires, which transfer 
data among other block diagram objects. 
 
 
Figure D:1 Example block diagram with corresponding back panel 
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Nodes 
Nodes are objects on the block diagram that have inputs and/or outputs and perform 
operations when a VI runs. They are analogous to statements, operators, functions, and 
subroutines in text-based programming languages. Node types include functions, subVIs, 
and structures. Functions are built-in execution elements, comparable to an operator, 
function, or statement. SubVIs are VIs used on the block diagram of another VI, comparable 
to subroutines. Structures are process control elements, such as Sequence structures, Case 
structures, For Loops, or While Loops. The Add and Subtract nodes in the previous block 
diagram are function nodes. 
Terminals 
Front panel objects appear as terminals on the block diagram. The terminals represent the 
data type of the control or indicator. For example, a DBL terminal, shown in Figure , 
represents a double-precision, floating-point numeric control or indicator. 
Terminals are entry and exit ports that exchange information between the front panel and 
block diagram. Terminals are analogous to parameters and constants in text-based 
programming languages. Types of terminals include control or indicator terminals and node 
terminals. Control and indicator terminals belong to front panel controls and indicators. 
Data entered into the front panel controls enters the block diagram through the control 
terminals. The data then enter the Add and Subtract functions. When the Add and Subtract 
functions complete their internal calculations, they produce new data values. The data flow 
to the indicator terminals, where they exit the block diagram, re-enter the front panel, and 
appear in front panel indicators. 
Wires 
Transfer of the data among block diagram objects is done through wires. They are 
analogous to variables in text-based programming languages. Each wire has a single data 
source, but it can be wired to many VIs and functions that read the data. Wires are different 
colours, styles, and thicknesses, depending on their data types. The following examples are 
the most common wire types. 
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Table D:1 Wire types used most commonly in LabView 
Wire type Scalar 1D array 2D array Color 
Numeric    Orange (floating point) 
Blue (integer) 
Boolean         Green 
String         Pink 
 
While loops 
The While Loop executes the sub diagram until the conditional terminal, an input terminal, 
receives a specific Boolean value. The default behaviour and appearance of the conditional 
terminal is Continue If True, . When a conditional terminal is Continue If True, the While 
Loop executes its sub diagram until the conditional terminal receives a FALSE value. The 
iteration terminal (an output terminal), , contains the number of completed iterations. 
The iteration count always starts at zero. 
 
The behaviour and appearance of the conditional terminal can be changed by right-clicking 
the terminal or the border of the While Loop and selecting Stop If True, . When a 
conditional terminal is Stop If True, the While Loop executes its sub diagram until the 
conditional terminal receives a True value. 
Arrays 
An array is a collection of data that is all of the same type and an entire array can be 
declared all at once. Each individual element in the array can be referenced by indexing. On 
the diagrams depicted in the LabView description part of this thesis arrays are represented 
by . 
